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 A forest’s ability to sequester carbon dioxide depends on factors such as periodic 
disturbance regimes, land-use change, the composition and productivity of the vegetative 
community, and the location and age of forested stands. However, one of the driving forces that 
contributes to changes in forest carbon dynamics include climatic factors, such as changes in 
temperature and precipitation, as well as atmospheric CO2 concentrations which can affect the 
physiology of plants in complex ways. Our theorized understanding of plant physiological 
response to changing environmental conditions have been based on latitudinal and altitudinal 
studies or greenhouse experiments that measure plant physiological traits on one or a handful of 
plant species – and as scientists work to reduce the large variability that exists behind climate 
projections and plant community predictions, the need to collect locational and species-specific 
data becomes increasingly evident. This dissertation aims to address this issue by examining the 
physiological responses to temperature for 23 different tree species that have historically 
different geographic range distributions categorized into three groups: northern, central, and 
southern. The ranges of all species overlap and coexist at Black Rock Forest (BRF), an eastern 
deciduous forest located in the Hudson Highlands of New York. 
 Chapter 1 examines the physiology of 16 coniferous and broadleaved tree species to 
determine if geographic provenance has a significant effect on foliar respiration rates, response 




Chapter 2 compares the photosynthetic capacities and temperature responses of 17 broadleaved 
tree species to determine which range group may be more tolerant of a warming climate. 
Appended to this dissertation is preliminary data of a growth chamber experiment, examining the 
plasticity of physiological traits expressed under elevated temperatures to assess whether 
northern red oak seedlings show potential to acclimate to projected climate conditions and 
regenerate with minimal physiological constraints. 
Collectively, the results of these studies find significant differences in photosynthetic 
capacities and photosynthetic and respiration responses to temperature among species and among 
range groups. Northern, central, and southern ranged trees show an acclimated response to 
carbon assimilation under current climate conditions. However, central ranged trees, which 
includes the northern red oak, a dominant tree species in this region of New York, may be at a 
physiological disadvantage, showing lower rates of photosynthetic capacities and a trending 
decline of carbon assimilation under elevated temperatures. Furthermore, preliminary data from 
a greenhouse experiment suggests that leaf morphology and physiology traits are not plastic for 
northern red oak seedlings, which further weakens its physiological competitiveness and 
regeneration potential under warming temperatures. The results presented in this study on the 
physiological traits and temperature responses not only allows for a more thorough 
understanding of the physiological tolerances of migrant and resident tree species in the New 
York region but provides new data that could be incorporated into carbon and species 
distribution models for better predictions on carbon sequestration of forests and geographic 
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Accelerated increases in mean annual temperatures (MAT) have narrowed the 
opportunity for plants to track their ecological niches (Aitken et al., 2008; Iverson et al., 2004; 
Loarie et al., 2009). Projections of 2-5°C increases in MAT over the next century increases the 
pressure on plants to respond in ways that ensure their survival. Most often, species that coexist 
in plant communities will respond by changing their geographic distribution (Aitken et al. , 2008; 
Corlett, 2008; Loarie et al., 2009), by persisting in their current range via local adaptation 
involving genetic evolution or phenotypic plasticity (Aitken et al., 2008; Alberto et al., 2013), or 
by becoming extirpated (i.e. local extinction) (Aitken et al., 2008; Corlett, 2008). Several studies 
have observed climate-induced migrations that have resulted in the significant movement of tree-
lines to high-altitude regions and increases in tree density at higher elevations (Aitken et al., 
2008; Danby & Hik, 2007a, 2007b; Millar et al. 2004). On high slopes, the required rate of 
migration necessary for plants of a given species to shift their distribution in order to track 
temperature tolerances are lessened, whereas plants found on lower slopes require high rates of 
migration to meet the large displacement that is necessary to track preferred climates (Loarie et 
al., 2009).   
Plant migration rates of 1 km y-1  have been derived using Global vegetation models 
(GV) and species distribution models (SDMs) deeming it a necessary rate of distributional 
movement for plants established in regions of rapid climate change (Aitken et al., 2008). 
Unfortunately, fossil records and molecular evidence show that tree populations may be moving 
slower than what current models predict (Pearson, 2006). Research indicates that the species 




whether a tree will be able to survive given the rate of regional warming (Midgley et al., 2007).  
Persistence is particularly important for species that lie on the “rear edge” of their geographic 
range, where their persistence is necessary to maintain genetic diversity and promote the 
evolution of their species (Hampe & Petit, 2005). Species at the margins of their range are under 
high abiotic stress, such as interspecific competition due to lower relative fecundity and 
population density (Aitken et al., 2008). Unfortunately, if plants have low tolerances to 
increasing temperatures, they will not be able to adapt fast enough to the low residence time of 
the current climate, thereby risking lower competitiveness, fitness, and possible extinction 
(Loarie et al., 2009). However, species with high tolerances can acclimate physiologically or 
exhibit inherent life history traits that allow them to persist under changing climate conditions. 
Further study on species climatic tolerances is critical in forecasting plant community shifts 
where the implications may result in the survival or extirpation of one or more populations.   
Climate change has not only affected tree species distribution and community 
composition globally, but has been linked with increased disturbances regionally (e.g., forest 
fires and disease) (Pachauri, 2007).  Schuster et al. (2008) summarized over 76 years of plant 
community changes at Black Rock Forest (BRF), a 4,000-acre deciduous forest in southeastern 
NY. They found that three tree species were extirpated from the forest (Betula papyrifera 
Marsh.; Picea mariana (Mill.) B.S.P.; and Ulmus americana L.) and eleven tree species with 
southern geographic range distributions became established through planting, (Acer saccharum 
Marsh.), natural migration, or anthropogenic introductions since the 1930’s. Two southernly 
distributed species are non-native to North America (ie. tree-of-heaven (Ailanthus altissima 




species composition due to climate-induced migrations may not only influence ecosystem health 
and services but could also impact the carbon dynamics of northeastern US temperate forests. 
The Hudson Highland’s region of New York has been known to sequester large amounts 
of carbon due to the high dominance of oak species making northeastern US forests one of the 
largest aboveground terrestrial carbon pools in the world (Pederson, 2004; Schuster et al., 2008). 
Black Rock Forest (BRF) has been estimated to sequester an average rate of 2 Mg C ha-1 yr-1 
between the 1930’s and the 1960’s.  However, since the late 1990’s, aboveground biomass 
(ABG) rates have since declined to -2.1 Mg ha-1 yr-1 complicating future carbon sequestration 
forecasts.  Factors that have contributed to this sequestration reduction include extensive forest 
clearing that occurred from the 1930’s to 1985, insect outbreaks like the Hemlock wooly adelgid 
(Adelges tsugae Annad), and gypsy moth (Lymantria dispar L.) caterpillars, diseases like the 
chestnut blight (Cryphonectria parsitica (Murill) Barr), and severe droughts that have resulted in 
the mortality of dominant tree species (Schuster et al., 2008). Accurate predictions of our forests’ 
carbon sequestration potential are necessary in order to target conservation and implement 
management strategies – but in order to do that, we need to know at what capacity can individual 
species adapt to a warming climate.  
Measurements of the thermal acclimation of plants, or the physiological adjustments to 
changes in temperature, becomes increasingly important as we aim to predict how much carbon 
dioxide will cycle through an ecosystem and be exchanged with the atmosphere over the next 50 
to 100 years. Thermal acclimation of the physiological processes, photosynthesis and respiration, 
is dependent on growth temperature and environmental conditions, the climatic provenance from 
which the species originated, and the plant functional type (O. K. Atkin et al., 2006; Owen K. 




even greater extent, physiological constraints are dependent on the species itself (Crous et al., 
2018; Patterson et al., 2018). Although our understanding of plant physiological responses to 
temperature have come from a number of provenance studies (Benowicz, Guy, & El-Kassaby, 
2000; Crous et al., 2018; Drake et al., 2015, 2017; C. A. Gunderson et al., 2010; Oleksyn et al., 
1998; Pohlman et al., 2005; P. B. Reich & Oleksyn, 2008), field studies focusing on northeastern 
US temperate trees and forests remain underrepresented. 
This dissertation presents two chapters that will build our understanding of the 
physiological responses of migrant and resident tree species under elevated atmospheric 
temperatures and help reveal how each group of trees will fare under a warming climate. The 
first chapter focuses on leaf-level respiration and morphological traits of 16 coniferous and 
broadleaved tree species that have differing historic range distributions and are located at Black 
Rock Forest in Cornwall, New York, USA. Respiration rates, temperature responses, and 
estimates of their respiratory quotients, which helps determine information about respiratory 
substrates, were compared across northern, central, and southern ranged trees. Results from this 
study provides insight into which species and range group contributes most to carbon being 
sourced from the forest. This chapter is published as Patterson et al. 2018, “Temperature 
response of respiration and respiratory quotients of sixteen co-occurring temperate tree species: a 
comparison among historic range distributions,” in Tree Physiology. 
The second chapter explores the photosynthetic rates and temperature responses of 17 
northern, central, and southern broadleaved trees co-located at Black Rock Forest. Results from 
this study provides insight into the photosynthetic capacities of this set of tree species to 
determine which species or range group have a physiological advantage at assimilating carbon at 




a growth chamber experiment on northern red oak seedlings resident to New York and are the 
dominant tree species at BRF. The seedlings were treated to New York-origin growth 
temperatures and elevated temperatures found in their southernmost geographic range in order to 
determine if physiological (photosynthesis/respiration) and leaf morphological traits showed 
plasticity. Assessing their physiological plasticity would help us determine their success in 
regenerating under a warming climate.  
The following chapters provide new information on physiological traits and comparisons 
on tree species that have little to no published data. This dissertation sets the foundation for 
further exploration on the physiological tolerances of temperate tree species in forests 
experiencing climate-induced migrations.  
 










Chapter 1: Temperature response of respiration and respiratory 
quotients of sixteen co-occurring temperate tree species: a 
comparison among historic range distributions 
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The forests of the northeastern U.S. are globally, one of the fastest growing terrestrial 
carbon sinks due to historical declines in large-scale agriculture, timber harvesting, and fire 
disturbance. However, shifting range distributions of tree species with warming air temperatures 
are altering forest community composition and carbon dynamics. Here, we focus on respiration, 
a physiological process that is strongly temperature and species dependent. We specifically 
examined the response of respiration (R; CO2 release) to temperature in ten broadleaved and six 
conifer species, as well as the respiratory quotient (RQ; ratio of CO2 released to O2 consumed) of 
nine broadleaved species that co-occur in the Hudson Highlands Region of New York, U.S. The 
relationships between these physiological measurements and associated leaf traits were also 
explored. The rates of respiration at 20°C were 71% higher in northern ranged broadleaved 
species when compared to both central and southern ranged species. In contrast, the rates of 
respiration at 20°C in northern ranged conifers were 12% lower than in central ranged conifers. 
The RQ of broadleaved species increased by 14% as temperatures increased from 15°C to 35°C. 
When RQ values were pooled across temperature, northern ranged broadleaved species had 12% 
and 9% lower RQ values than central and southern ranged species, respectively, suggesting a 
reliance on alternative (non-carbohydrate) substrates to fulfill respiratory demands. A Pearson 
correlation analysis of leaf traits and respiration revealed strong correlations between leaf 
nitrogen, leaf mass area, and R for both broadleaved and conifer species. Our results elucidate 
leaf trait relationships with tree physiology and reveal the various form and function strategies 
for species from differing range distributions. Compounded with predicted range distribution 





1.2 Introduction  
Carbon storage in forested ecosystems is largely determined by the balancing processes 
of plant respiration and photosynthesis, which in turn, are influenced by changes in climate, such 
as elevated air temperature, precipitation, and atmospheric CO2 levels (Aber et al., 2001; Yude 
Pan et al., 2009; Schuster et al., 2008). Over the last three decades, temperate forests have 
increased their capacity as a carbon sink, largely due to regrowth after decades of large-scale 
agriculture, grazing, and harvesting (Y. Pan et al., 2011). Although research has shown that net 
primary production and net ecosystem production of northeastern U.S. temperate forests have not 
declined due to age-related maturity of tree stands (Gough et al., 2016; C.-Y. Xu et al., 2012), 
there is an urgent need to understand how forest carbon dynamics may change as changes in 
climate drives tree populations to migrate, expand or contract their range, in any given location.     
Surface air temperatures in the northeastern U.S. are projected to increase by 0.25°C per 
decade, and as a result, range distributions of temperate trees may shift as populations migrate in 
order to track their preferred climates (Hayhoe et al., 2007; Pearson & Dawson, 2003; Schuster 
et al., 2008). Compounded by the direct effects elevated temperatures have on plant and soil 
respiration, the indirect effects of changing species composition is likely to alter the total 
respiratory CO2 released from the canopy as resident tree species are replaced with species that 
are currently on the northern edge of their range. To better predict carbon storage and cycling in 
these forests, it is necessary to quantify and compare rates of carbon exchange of co-occurring 





Current estimates of global terrestrial respiratory flux indicate that foliar respiration (R), 
contributes approximately 50% of the total plant respiratory CO2 flux to the atmosphere and this 
is expected to increase as temperatures increase (O. K. Atkin et al., 2007; Owen K. Atkin et al., 
2005; Heskel et al., 2016; Pachauri, 2007).  Studies of global plant respiratory responses find 
variation in the responses of R to temperature (RT) among plant functional types, species, and 
populations located along range gradients (Owen K. Atkin et al., 2015; C. a. Gunderson et al., 
2000; Heskel et al., 2016). Thus, a better understanding of global variation in plant responses to a 
changing climate, requires finer scale measurements of the respiratory response of species and 
population along range gradients, in which a single species can experience a broad range of 
temperatures depending on the exact location along their range (e.g. Wertin et al. 2011).  
Recently, Heskel et al. (2016) developed a log-normal polynomial model of the RT response that 
accurately captures the observed increased R as temperatures increase, and allows for a straight-
forward comparison of the temperature sensitivity of R (i.e. slope of the curve across 
temperatures) across plant functional types (PFTs) and geographic location.  
Predicting plant respiratory responses to temperature is potentially confounded by 
metabolic adjustments to the local thermal environment, a process known as acclimation (Owen 
K. Atkin & Tjoelker, 2003; Peter B. Reich et al., 2016; Slot et al., 2014; Smith et al., 2016; 
Smith & Dukes, 2013; Wei et al., 2017). Atkin and Tjoelker (2003) define thermal acclimation 
as a compensatory response in which respiration at a standard measuring temperature increases 
under cold temperatures and decreases under warm temperatures.  The plasticity of the 
respiratory response to temperature depends on a number of factors, such as: the variability in 
growing temperature and environmental conditions, the climatic provenance from which the 




2005; Campbell et al., 2007; Slot & Kitajima, 2015; Smith & Dukes, 2013).  Species that lack 
physiological plasticity or the ability to acclimate and adapt to their environment risk extirpation 
from their current location (Aitken et al., 2008; Benito Garzón et al., 2011; Jump & Penuelas, 
2005; Valladares et al., 2014). 
A deeper look into the respiratory process under elevated temperatures could include 
examining variation in use of different respiratory substrates since species that use carbohydrates 
directly are able to extract energy more efficiently than those that use alternative substrates (de 
Vries et al., 1974).  The respiratory quotient (RQ) is the ratio of CO2 released to O2 consumed 
and may provide insight as to the substrate being used to fuel respiration (Angert et al., 2012; 
Tcherkez et al., 2003), although rates of nitrate metabolism (Hilman & Angert, 2016) and CO2 
re-fixation may also contribute (Hilman & Angert, 2016; Teskey et al., 2008).  Lower RQ values 
in the range of 0.4-0.7 indicate the use of proteins and fats, whereas an RQ of 1 indicates the use 
of carbohydrates, and higher RQ values indicate the use of organic acids (Azcón-Bieto et al., 
1983; Ulrich, 1941). Since respiratory efficiency is directly connected to the substrate utilized 
(Hilman & Angert, 2016; Teskey et al., 2008) and dark respiration is impacted by temperature 
(Griffin et al., 2002), a potential link is plausible between temperature and RQ.  However, to our 
knowledge, little is known regarding RQ in deciduous tree species or how it may affect forest 
carbon budgets. Empirical estimates of RQ could provide important insights to the mechanisms 
various species use to respond to environmental change such as warming, and therefore to the 
resulting species composition of ecosystems experiencing change. 
Many physiological responses to the environment are known to be conserved within 
ecotypes, plant functional types, or location, which may be attributable to the relationships 




Wright et al., 2004).  For example, cold-adapted plant leaves tend to be thicker and smaller with 
higher leaf mass area (L) and foliar nitrogen contents than southern or warm-adapted plants (Lee 
et al., 2005; Oleksyn et al., 1998; P. B. Reich et al., 1996). These variations in leaf traits have 
also been shown to be correlated to global estimates of respiration (P. B. Reich et al., 1998). 
Importantly, the relationships between leaf traits and dark respiration described in this previous 
work appear to be universal among all species in these global datasets.  However, variations 
across species within a single biome containing many different plant functional types deem it 
necessary to quantify the responses on regional or local scales in order to gain insight into forest 
carbon dynamics in lieu of species distribution shifts.   
The overall goal of this study was to examine the respiration of northern, central, and 
southern ranged tree species and their response to increasing temperature in a location 
experiencing rapid warming, where species ranges distributions intersect and species 
replacement is occurring (Schuster et al., 2008).  To this end, we quantified the effects of 
increasing temperature on R of mature broadleaved and conifer species in Black Rock Forest, 
NY, U.S.  We further examined relationships among a suite of physical and biochemical leaf 
traits with R.  Finally, we present for the first time, the temperature response of RQ in 
broadleaved species and determined if RQ differed between range distributions. We 
hypothesized that: 1) northern species have higher rates of R relative to central and southern 
species; 2) northern species leaf traits promote higher rates of R than central and southern 
species; and 3) northern species have lower RQ (increased use of proteins in the respiratory 




1.3 Materials and Methods 
1.3.1 Site description 
 This study was conducted in Black Rock Forest, a 1550 ha preserve located in the 
Hudson Highlands Region of southeastern New York (41.45°N, 74.01°W) with elevations 
between 110 to 450 m above sea level (Schuster et al., 2008).  Mean annual precipitation is 1200 
mm and temperatures range from -2.7˚C in January to 23.4˚C in July (NOAA, 2002).  The soils 
are medium-textured clay loams, acidic and low in nutrients, and are derived from glacial till 
overlying granitic bedrock (Lorimer, 1981a; Olssen, 1981).  The forest canopy is a mix of 
hardwoods comprised of about 67% oak with the remainder consisting of non-oaks and 
approximately < 2% conifers (Schuster et al. 2008, Falxa-Raymond et al. 2012, W. Schuster, 
personal communication).  Extensive botanical surveys document of Black Rock Forest 
(Barringer & Clemants, 2003; Friday & Friday, 1985; Raup, 1938; Tryon & Finn, 1949) show 
that the forest has lost two northern and one centrally ranged species and gained seven southern 
ranged species over the course of 87 years (Schuster et al., 2008).  Black Rock Forest, like much 
of the Hudson Highlands, was repeatedly cleared through the mid to late 1800’s (Tryon, 1930), 
although little of this forest was converted to agriculture (Raup, 1938).  Land use records thus 
indicate the forest is even aged, and by selecting sunlit leaves from full canopy trees, differences 
in tree age were minimized (although tree age was not determined).  While most of Black Rock 
Forest sits on shallow, rocky soils (Olssen, 1981), there is topographical variance which could 
potentially influenced the traits measured.  Whenever possible the replicate trees and species 
were co-located or shared similar slopes, aspects and landscape positions, but regardless, all 
species were sampled from their naturally occurring distribution within the 1500 ha forest and 




Leaf samples from broadleaved trees were collected in June 2013. Conifer samples were 
collected during the summer of 2014.  Leaf samples were collected from six replicate mature 
trees from sixteen species (ten broadleaved species and six conifer species) categorized into three 
range distribution groups (northern, central, southern; Table 1-1).  Range categories were created 
based on species range maps (Little, 1971, 1977) and affirmed by calculating each species’ 
center range (latitude) and binning them into their respective groups (southern < 37°N,  37°N < 
central < 43°N, northern > 43°N) (Peter B Reich et al., 2015). Leaf samples were taken from 
sunlit, canopy branches to reduce environmental variability effects on leaf physiology.  Canopy 
branches were shot down using a 12-gauge semi-automatic shotgun (TriStar Sporting Arms, 
LTD., Missouri, USA).  Once the branches fell to the ground, they were placed in water where 
the stem was pruned for optimal water uptake.  Branches were then tagged with their appropriate 
labels and brought back to the lab for processing. Since previous studies using detached branches 
have shown gas exchange measurements to be stable up to 14 hours after harvesting, respiration 
measurements were made no more than 10 hours after branch collection (Dang et al., 1997; 
Mitchell et al., 1999) 
1.3.2 Leaf trait measurements 
In the lab, fully expanded leaves from each branch were chosen for use in the RT and RQ 
experiments.  Leaves chosen from the branches were freshly weighed and projected leaf area 
(cm2) was determined (Licor 3000C, Lincoln NE USA). Leaves were then placed in their 
respective cuvettes for experimental measurement (detailed below). After the measurements 
concluded, experimental leaves were placed into separate coin envelopes and dried in an oven at 
60°C for two days.  Dry mass (g) and leaf area (cm2) were used to calculate leaf mass area (L; 




ball mill (SPEX 8000 Mixer/Mill®, New Jersey, USA). Two to four milligrams of dried leaf 
powder were then weighed into tin capsules and then run through a carbon-nitrogen flash 
analyzer (CE Elantech, New Jersey, USA) to determine % carbon, % nitrogen and the carbon to 
nitrogen ratio (C:N; grams per gram of leaf tissue). Leaf nitrogen (N) in grams per mg of leaf 
tissue was then calculated.  Leaf traits were recorded for leaves used in both the RT and RQ 
experiments.  
1.3.3 Temperature response of leaf respiration (R) 
Experimental leaves were placed into the cuvette of a custom-built open flow plant gas 
exchange system to measure respiration.  The system consisted of a compressed air cylinder, a 
mass flow controller (Model SR-10; Sierra Instruments, Monterrey, CA, USA), a chromed, 
water-jacketed leaf cuvette milled from brass, and an infrared gas analyzer (Licor 6262, Lincoln, 
NE USA).  The 15 cm x 10 cm x 2.5 cm leaf cuvette contained entire leaves and was sealed with 
Viton gasket between the milled cuvette and the 13 mm thick Lexan top with 8 screws.  Leak 
tests were performed at the start of each day during the calibration routine by flowing dry CO2 
free air through the cuvette and assuring there were no CO2 or water vapor signals.  The cuvette 
was well mixed with four small mixing fans (Sunon Blower Y9926, Sunonwealth Electric 
Machine Industry Co., Ltd. Kaohsiung City, Taiwan) and a forced air flow pattern assuring 
constant airflow over both sides of the leaf which was suspended on monofilament.   Inside the 
cuvette, a fine wire type E thermocouple (wire size equals 30 AWG; 0.25mm diameter) attached 
to an adaptor was pressed against the lower leaf surface to measure temperature.  Air temperature 
was similarly measured by a fine wire thermocouple placed near the outlet of the mixed cuvette.  
The cuvette was covered with a dark cloth in order to allow the leaf to respire and stop 




Allentown, PA USA) the air temperature inside the cuvette was increased from 5˚C to 40˚C at a 
rate of 1˚C min-1. During the measurements, air flow through the cuvette was maintained at 500 
ml min-1 and CO2 (µmol CO2 m-2 s-1) released from the darkened leaf was measured continuously 
using a common protocol developed to survey respiratory temperature responses (Heskel et al., 
2014, 2016; O’sullivan et al., 2017; O’Sullivan et al., 2013). The CO2 flux calculation was 
corrected for water vapor dilution and band-broadening effects before being divided by the leaf 
area or leaf mass of each sample. This process was repeated for each of the leaf samples 
collected from the six replicate trees for each of the sixteen species.  
1.3.4 Quantification of RT curves, R10, and R20 
All individual leaf respiration values over the entire temperature (T) range were natural-
log-transformed (ln).  To best represent respiration response to T, all 92 RT curves were fitted to 
a second order log-polynomial model suggested by Heskel et al. (2016), since it minimized 
residuals of the high-resolution data and did not incorporate parameters that were based upon 
biological assumptions of activation energies. 
    (Eq. 1) 
By defining ln R (R is the respiration at a given leaf T), we were able to solve for the a, b, and c 
coefficients that accurately fit the data and provided parameters that define a reference offset of 
the response curve at 0°C (a) and describe the slope/nonlinear quadratic shape of the RT curves 
(b, c).  Modeled RT responses expressed per unit leaf area (ln RTarea) or mass (ln RTmass) were 
derived by using mean values of the a, b, and c parameters for specific groupings of interest (i.e. 




which were temperatures of ecological relevance at Black Rock Forest, representing the majority 
of the growing season’s ambient nighttime temperature range.    
1.3.5 Respiratory Quotient (RQ) 
Three to four replicate trees for nine broadleaved species were used in the RQ experiment 
(Table 1-1). RQ was not measured for any conifer species. All leaves were collected from a 
single branch from each replicate tree and were placed into a glass mason jar cuvette.  The 
cuvette was lowered into a temperature controlled, circulating water bath and a 2 cm thick foam 
cover was placed over the top to insulate the cuvette and minimize light.  The leaf samples were 
left to acclimate in an open cuvette for ten minutes to allow for free air exchange to ensure the 
cuvette was well-mixed. Following the acclimation period, the glass cuvette was sealed, and a 
diaphragm pump continuously circulated air from the cuvette to a carbon dioxide (IRGA Li 840 
infrared gas analyzer, LiCor, Lincoln NE) and oxygen sensor (SO-210 Fast Oxygen Sensor, 
Apogee Inst. Logan, Utah), which recorded gas concentrations within the cuvette under three 
different temperatures (15 °C, 25 °C and 35 °C).  The concentrations of O2 and CO2, along with 
the atmospheric temperature and pressure inside the system were continuously recorded with a 
data logger (CR10X, Campbell Scientific, Logan UT). Trials were run until CO2 reached a 
minimum of 3000 ppm allowing for changes in oxygen levels to be detected (SI Figure 2). After 
each trial, leaves were placed into a refrigerator to reduce the rate of respiration while the 
temperature of the system was adjusted.  The RQ was calculated from the ratio of carbon 
production to oxygen consumption: 




1.3.6 Statistical Analysis 
All data was tested for normality by observing the residuals with qqplots and running 
Shapiro-Wilk tests on all variables.  If necessary, data was transformed, analyzed, and back 
transformed to acquire relevant values.  Mean values of replicates for individual species and 
range distribution were calculated for the polynomial model parameters (a, b, and c), area and 
mass-based R10 and R20, RQ ratios (for 15°,25°, 35°C), L, C:N ratio, and area and mass-based 
leaf N concentration. Species and range distribution effects on physiological and leaf traits were 
analyzed using one-way analysis of variance models (ANOVA). Least-squared means, confident 
intervals, and standard errors were retrieved. Tukey’s HSD was used as a post-hoc analysis to 
determine which range category and species were statistically significant from each other. 
Pearson’s correlations for all leaf traits tested for statistically significant relationships at a P level 
of 0.05.  All statistical methods were implemented in RStudio, Inc. version 0.99.893 (RStudio, 
Inc., 2009-2016). 
1.4 Results 
1.4.1 Respiration and temperature effects for broadleaf and conifer species 
The values of the three RT polynomial parameters that describe the species level 
relationships between temperature and R differed among species and groups. Specifically, the 
area and mass-based a parameter, which describes the offset of respiration at 0°C, was 
significantly different across broadleaved species (Figure 1-1A and 1-1E; Table 1-2; SI Table 1-
1 and 1-2).  Similarly, the area and mass-based b and c parameters, which together describe the 
shape of the relationship, were also significantly different across broadleaved species (Table 1-2; 




across species (Table 1-2; SI Table 1-1 and 1-2), differences in the area-based a parameter were 
marginal yet significant when ln RT is expressed per unit leaf mass.  No significant differences 
were found in the area-based c parameter yet significant differences were found in the mass-
based c parameter yet (Figure 1-1C and 1-1G; Table 1-2; SI Table 1-1 and 1-2).  In comparing 
area and mass-based R (denoted as Rarea and Rmass) and R per gram nitrogen (R N g-1) at 10°C, we 
found statistically significant species level differences for area and mass-based R10 and R10 N g-1, 
for both broadleaved and conifer species (Table 1-2). Similarly, in comparing area and mass-
based R and R per gram nitrogen at 20°C, area and mass-based R20 and R20 N g-1, were also 
significantly different amongst broadleaved and conifer species (Table 1-2, SI Table 1-3).   
When species were grouped by geographic range, the mean area and mass-based a 
parameter for northern-ranged broadleaved species were significantly higher than that of central 
and southern-ranged species, respectively (Table 1-2 and 1-3, Figure 1-1B and 1-1F). However, 
the b and c parameters were not significantly different among any range groups (Table 1-2 and 1-
3, Figure 1-1C).  For conifers, northern and central-ranged species did not differ significantly in 
the area-based a, b, or c parameters (Table 1-2 and 1-3, Figure 1-1D).  However, the mass-based 
a parameter was significantly higher in northern conifers while the mass-based c parameter was 
significantly lower when compared to centrally ranged conifers (Table 1-2 and 1-3, Figure 1-
1H).  In comparing area and mass-based R and R per gram nitrogen of broadleaved species at 
each of 10°C and 20°C, we found that both R10 and R20 were significantly higher for northern 
ranged broadleaved trees than their central and southern counterparts (Table 1-2, Figures 1-2A, 
1-2B, 1-2E, 1-2F, 1-2I, and 1-2J). However, for conifers, we found that while R10 area did not 
differ significantly among northern and centrally ranged species (Table 1-2, Figure 1-2C), R10 




57% and 50%, respectively) (Table 1-2, Figure 1-2G and 1-2H).  In contrast, R20 area was 13% 
higher in centrally ranged conifers compared to northern conifers (Table 1-2, Figure 1-2D).  In 
the case of R per gram nitrogen at 10°C and 20°C, respiration was significantly higher (by 38% 
and 36%, respectively) in northern ranged conifers than central conifers (Table 1-2, Figure 1-2K 
and 1-2L). 
1.4.2 Leaf traits for broadleaf and conifer species: L, N, and C:N 
L, Narea, Nmass, and C:N differed significantly across species for both broadleaved and 
conifer species (Table 1-2, SI Table 1-3). When species were grouped by geographic range, no 
statically significant differences were found in L across northern, central, or southern 
broadleaved species (Table 1-2, Figure 1-2M).  In contrast, centrally ranged conifers had 
significantly higher L (by 72%) than northern ranged conifers (Table 1-2, Figure 1-2N). Northern 
ranged broadleaved species had significantly higher Narea and Nmass (by 30% and 18%, 
respectively) than centrally ranged species, while Narea and Nmass in southern range trees did not 
differ statistically from either northern or centrally ranged trees (Table 1-2, Figure 1-3A and 1-
4C).  Among conifers, centrally ranged trees had 56% higher Narea than northern range trees 
(Table 1-2, Figure 1-3B), while Nmass did not differ significantly (Table 1-2, Figure 1-3D). 
Northern ranged broadleaved trees had significantly lower C:N (by 14%) than centrally ranged 
trees, while the C:N of southern range trees did not differ statistically from either northern or 
centrally ranged trees (Table 1-2, Figure 1-3E).  For conifers, no significant difference in C:N 




1.4.3 Respiratory Quotient (RQ) for broadleaf species 
RQ values varied significantly across species, range, and temperature (Table 1-4, Figure 
1-4). Northern ranged trees had significantly lower RQ values than their central and southern 
ranged counterparts (Table 1-4, Figure 1-4B).  While RQ was significantly higher at 35°C, it did 
not differ significantly between 25°C and 15°C after all species were pooled (Table 1-4, Figure 
1-4C).  No significant differences were found between RQ and temperature within species and 
within range (Table 1-4).  
1.4.4 Correlations among R, RQ and leaf traits  
The Pearson correlation test revealed statistically significant correlations between RQ and 
temperature (r2 = 0.16, p < 0.001) as well as RQ and Nmass (r2 = -0.04, p < 0.05) when all species 
were pooled. However, there was no statistically significant correlation found between RQ and L 
(r2 = -0.037, p = 0.33). Pearson’s correlation test of broadleaved species leaf and respiration 
traits revealed significant positive correlations between Nmass and Rmass, as well as between Nmass 
and Rarea (Table 1-5). Narea was positively correlated with L, Rarea, R20 N g-1, and the ln R-T 
coefficient a (Table 1-5). Significant negative correlations were found between area- and mass-
based respiration, R20 N g-1 and C:N (Table 1-5). In conifers, there were significant positive 
correlations between L and C:N, as well as L and Narea (Table 1-5).  In contrast, L was negatively 
correlated with Nmass, Rmass and R N g-1, and likewise, R N g-1 was negatively correlated with Narea, 
while Rmass was negatively correlated with C:N and Narea (Table 1-5). Significant correlations 
between the respiration polynomial coefficients and both Rarea and Rmass for both broadleaved and 




1.5 Discussion  
1.5.1 Respiratory rates and leaf traits vary by geographical range  
Northern broadleaved species had significantly higher rates of area, mass, and N-based 
respiration at both 10°C and 20°C compared to southern and centrally ranged species. Likewise, 
northern conifers had significantly higher rates of nitrogen and mass-based respiration at 10°C 
and 20°C, although lower area-based respiration at 20°C. Several studies have found that dark 
respiration is generally higher in species native to colder environments at high latitudes or 
altitudes (Friend & Woodward, 1990; Lechowicz et al., 1980; H. A. Mooney, 1963; H. A. 
Mooney & Billings, 1961; P. B. Reich et al., 1996), although some studies have shown little 
difference (Owen K. Atkin & Day, 1990; Bolstad et al., 2003; Chapin III & Oechel, 1983; 
Collier, 1996; C. a. Gunderson et al., 2000; Lee et al., 2005; Scholander & Kanwisher, 1959; M. 
G. Tjoelker et al., 2009; Mark G. Tjoelker et al., 2008). For example Mitchell et al. (1999) found 
that in a southeastern U.S. deciduous forest, higher altitudinal populations of Acer rubrum, 
Carya glabra, Quercus alba, Quercus prinus, and Quercus rubra all had higher respiration rates 
than their lower altitudinal counterparts. Similarly for conifers, Oleksyn et al. (1998) found 
higher rates of respiration in high compared to low altitude populations of Picea abies, and Reich 
et al. (1996) found that populations of Pinus sylvestris at more northern latitudes had higher rates 
of respiration than their southern counterparts. Although the results of these provenance studies 
largely parallel our findings regarding the higher respiration rates of northern broadleaved 
species, we did find evidence that the climate of origin for our conifer species had the opposite 
respiratory response at 20°C on an area basis. Our results suggest that species turnover in 
northeastern US forests may lead to differences in the tissue-specific rates of leaf respiration, 




forest structure, respiratory temperature acclimation, and increases in air temperatures are likely 
to influence these responses. Furthermore, since our experimental design sampled naturally 
occurring individuals rather than trees planted in a common garden, we cannot fully attribute the 
observed patterns in physiological traits directly to intrinsic species differences. Some of the 
observed variance in the physiological capacity of these species may instead be related to local 
environmental conditions of the specific sampling locations throughout the forest. 
We found that leaf traits differed significantly between geographic range groups in both 
conifer and broadleaved trees, although the direction and magnitude of these differences were 
both leaf trait and functional group specific. Relative to their centrally-ranged counterparts, 
northern-ranged broadleaved species had higher Narea, Nmass and lower C:N, while northern-
ranged conifers had lower Narea and L than their central counterparts.  While it is widely assumed 
that species from cold places have higher N and L (Körner, 1989; Körner et al., 1991), and thus 
should have higher area and mass-based respiratory rates, our findings indicate that the higher N 
and L from the 16 species measured are not sufficient to explain the higher respiratory rates 
observed in northern species. Generally, when relationships between leaf N and latitude are 
found, they have been attributed to changes in N availability or physical leaf traits such as L.  For 
example, Reich et al. (1996) suggested that the prominence of low nitrogen availability in colder 
habitats resulted in the higher N content of northern populations of Scots Pine, contrary to our 
findings for conifers. We suggest Narea of conifers sampled in this study may have been 
morphologically constrained by the size and geometry of conifer needles, limiting the overall 
response of this leaf trait to environmental resource availability.  Since many methods use 
projected leaf area to estimate area-based measurements, the geometry of the needle is usually 




a variety of leaf structural traits (e.g. area and mass-based foliar nitrogen) may help elucidate the 
nitrogen-leaf physiology relationship in conifers and better detect patterns found across 
populations (Lloyd et al., 2013; P. B. Reich et al., 1996).  
Reich et al. (1996) notes that mass-based nitrogen measurements relate nitrogen content 
more directly to the chemistry and metabolism of the leaf than to its structure (e.g. area-based 
measurements). Further, these authors reference Körner's study (1989) in which the mass-based 
nitrogen content of evergreens did not differ significantly across latitude or altitude, which 
parallels our findings of the statistically similar Nmass between northern and central conifers.  The 
comparable Nmass values among conifers suggest that the low Narea (due to the higher surface area 
of a needle with low L) may have contributed to the statistically similar and low Rarea found in 
northern ranged conifers at 10°C and 20°C, respectively. In addition to the higher N of northern 
Scots Pine populations, Reich et al. (1996) found higher rates of respiration when compared to 
southern populations.  This result parallels our finding that northern conifers have higher Rarea at 
20°C and higher mass and nitrogen-based R (at both 10°C and 20°C) than central ranged species.  
Although both mass and area-based foliar nitrogen was not found to be significantly different 
between northern and southern broadleaved species, the higher respiration rates of northern-
ranged broadleaved species may be a factor of other biochemical or anatomical traits not 
measured in this study (Figure 1-2). Consideration of multiple leaf traits, including mass and 
area-based traits, is clearly essential to gain a mechanistic understanding of respiratory responses 
across range distributions and among plant functional types. 
Respiration and leaf nitrogen correlations are supported by studies of leaf traits and plant 
performance (Lee et al., 2005; P. B. Reich et al., 1996; M G Tjoelker et al., 1999). Global 




strategies: 1) low L, high foliar N content, and high photosynthesis and respiration rates; or 2) 
high L, low foliar N content, and low photosynthesis and respiration rates (Poorter & Bongers, 
2006; P. B. Reich et al., 1998; Peter B. Reich et al., 1995).  Although we found no pattern among 
range distributions, we found that conifers species with higher L had lower mass-based N and 
respiration (with no effect on area-based respiration), higher C:N, yet higher Narea, which is 
consistent with the second allocation strategy. Reich and Walters (1994) suggests that species 
with high L tend to have high Narea because Nmass decreases more slowly than L increases. 
Tougher, higher L conifers may allocate more carbohydrates to structural biomass due to their 
long leaf life-spans, and this may lead to selection against high N content in N limited 
environments (hence a lower Nmass). This shift in allocation away from high N components used 
to support metabolism reduces Rmass and maintains a positive carbon balance (P. B. Reich et al., 
1998).  In contrast to the observed conifer response, we found that broadleaved species did not 
exhibit either allocation strategy.  Instead, species with a higher L had higher Narea and Rarea, and 
species with higher Nmass also had increased Rarea and Rmass.  The positive correlation between N 
and R may be attributed to the high maintenance cost of leaves rich in nitrogenous enzymes. A 
previous study at Black Rock Forest comparing trait and physiological relationships found red 
maple to have low L, low foliar N, and poor physiological performance relative to red oak, which 
has high L, high foliar N and superior physiological performance (Nagel et al., 2002). 
Correlations between leaf traits and respiratory physiology found in this study extends our 
knowledge of how species with different range distributions optimize leaf architecture for 




1.5.2 RQ shifts with geographic range and across temperature 
Northern ranged broadleaved species had a significantly lower RQ than their central and 
southern-ranged counterparts, with no differences between central and southern species. These 
findings suggest that relative to southern species, northern species use proportionally less 
carbohydrates and more alternative substrates (e.g. proteins and fatty acids - Ulrich, 1941; 
Azcon-Bieto, Lambers and Day, 1983). High rates of respiration resulting in the depletion of 
carbohydrate reserves may promote the use of other substrates to fuel the respiratory process, 
thereby lowering the RQ. Given that species native to warm habitats exhibit lower respiration 
rates than cold-adapted species (Friend & Woodward, 1990; Lechowicz et al., 1980; Mitchell et 
al., 1999; H. A. Mooney, 1963; H. A. Mooney & Billings, 1961; Oleksyn et al., 1998; P. B. 
Reich et al., 1996), the higher RQ of warm-adapted species suggests that our southern and 
central ranged broadleaved species are relying mostly on carbohydrates, reducing the need to 
incorporate alternative substrates for respiration. A possible additional factor contributing to the 
lower RQ observed in northern broadleaved species could be the internal recycling of respired 
CO2 fixed by the PEPcase enzyme (Angert et al., 2012; Hilman & Angert, 2016; Masumoto et 
al., 2010). Activity of the PEPcase enzyme is not only temperature sensitive, but also varies by 
species (Chinthapalli et al., 2003; Rathnam, 1978). Our study does not distinguish which part of 
the respiratory pathway is being altered and thus cannot determine the relative effects of CO2 
refixation versus changes in respiratory substrates as the proximate cause of the lower RQ.    
Relatively few studies report the effects of temperature on RQ, yet it could provide 
further mechanistic understanding of forest carbon dynamics. We found that RQ was higher at 
35°C compared to both 15°C and 25°C across all species – a response that differs from previous 




temperatures ranging from 1 – 20°C, while Tcherkez et al. (2003) found RQ to decrease under 
elevated temperatures in French bean. Tcherkez et al. (2003) attributes this response to increased 
enzymatic activity that elevates rates of dark respiration and carbohydrate consumption, thereby 
increasing the use of alternate substrates. The small number of RQ studies, with inconsistent 
findings and use of a narrow niche of model plants, warrant further study of temperate tree 
species under a warming climate and across geographic ranges. 
1.6 Conclusions 
Carbon dynamics and storage potential of forest ecosystems are influenced by shifts in 
species composition and the physiological rates of resident and migrant tree species under 
changes in climate condition levels (Aber et al., 2001; Pan et al., 2009; Schuster et al., 2008). To 
gain insight into the temperature tolerances of temperate tree species in the northeastern U.S., 
our work used a new model to estimate the respiratory response of co-occurring species that have 
different historic range distributions. In addition, we aimed to elucidate leaf trait relationships 
with tree physiology to reveal the various form and function strategies for species from differing 
range distributions. Finally, we present for the first time, RQ and its temperature response across 
a broad range of temperate tree species in the northeastern U.S.   
Our findings are in partial agreement with each of three hypotheses, indicating complex 
respiratory responses to increasing temperature among both plant functional types and species 
from different range distributions. For broadleaved species we found a clear pattern in respiration 
rates where northern broadleaved species had higher rates of respiration relative to central and 
southern ranged species across all measurement temperatures. In contrast, our various measures 
of respiration among northern and central ranged conifer species were less consistent, with 




higher measurement temperatures. Further, we found that northern broadleaved species exhibited 
lower RQ values than their more southerly counterparts, showing for the first time, that unlike 
southern species that use carbohydrates, northern species may also rely on fat and protein 
substrates to support their higher rates of respiration. These findings are valuable because, to our 
knowledge, estimates of respiratory response to changes in ecologically relevant temperatures 
were unknown for this suite of species that co-occur in the northeastern U.S. Further, they 
suggest that given the differences in respiration rates between conifers and broadleaved species, 
the likely pattern of species migration with climate change and the higher rates of carbon loss 
from broadleaved species, which make up 98% of the forest, the overall impact of climate 
change may be to reduce the forest’s carbon storage potential. 
While our study focused on mature trees, future studies quantifying the effect of elevated 
temperatures on young seedlings parented from field trees could reveal which species and 
ecotypes are exhibiting physiological plasticity or acclimation.  Further study on the 
photosynthetic performances and growth response to a range of environmental gradients will 
enable researchers to predict how species populations will tolerate changing climatic conditions 
in the next century.  In addition, the physiological estimates of resident and migrant species will 
provide critical species-specific data that can be incorporated into species distribution models in 
order to gain insight into the success of a species’ range shift as populations try to migrate to a 
suitable climatic habitat.  As species migration and range distributions expand, restrict, or persist, 
the regions these populations potentially occupy will most likely lead to a cascade of ecological 
consequences that could drive changes in the understory and the biotic community, influencing 
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Figure 1-1. Modeled area and mass-based ln RT curves based on measured mean respiration values for broadleaved (A and E) and 
conifer species (C and G) for each measured temperature degree (C°).  Modeled area and mass-based ln RT curves were created by 
using species’ mean values of a, b, and c polynomial coefficients (SI Table 1-1 and 1-2).  Modeled area and mass-based ln RT curves 
for broadleaved (B and F) and conifer ranges (D and H) were based on the mean range values of a, b, and c polynomial coefficients 
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Figure 1-2. Mean area-based (Rarea), mass-based (Rmass), and nitrogen-based (R N g-1) respiration at 10°C and 20°C and leaf mass area 
(L) across range category for broadleaved (A, B, E, F, I, J, and M) and conifer species (C, D, G, H, K, L, and N), respectively. Error 





















































































Figure 1-3. Mean area-based nitrogen (Narea), mass-based nitrogen (Nmass), and C:N ratio across range category for broadleaved (A, C, 
E) and conifer species (B, D, F), respectively. Error bars represent 1 SEM. Means not sharing a common letter are significantly 
















































Figure 1-4. Mean respiratory quotient (RQ) across species (A; all temperature data pooled), range (B; all species x temperature data 
pooled), and temperature (C; all species data pooled). Error bars represent 1 SEM. Means not sharing a common letter are 











Table 1-1. Sixteen broadleaved and conifer species used in the RT and RQ (denoted with † symbol) experiments.  Species are 
categorized based on their native range distribution specified in the USDA Forest Service Sylvics Manuals (http://www.na.fs.fed.us).  
Species abbreviations are in parentheses. 
 
Broadleaved Species 
Northern Central Southern 
Betula papyrifera† (BP) Acer rubrum† (AR) Carya glabra† (CG) 
Populus tremuloides† (PT) Betula lenta (BL) Liriodendron tulipifera† (LT) 
Populus grandidentata† (PG) Quercus rubra† (QR) Platanus occidentalis† (PO) 
   Quercus prinus† (QP)   
Conifer Species 
Northern Central  
Thuja occidentalis (NWC) Chamaecyparis thyoides (AWC) 
  
Pinus resinosa (RP) Tsuga canadensis (HEM) 
   Pinus rigida (PP) 

















Table 1-2. One-way ANOVA model summaries and effect tests for leaf-level respiration, leaf traits, and polynomial coefficients for 
broadleaved and conifer species and range distributions.   
 
    Species Range 
Broadleaf F Ratio Prob > F r2 df F Ratio Prob > F r2 df 
Respiration          
 R10 area 14 0.000 0.73 9,45 36 0.000 0.58 2,52 
 R10 mass 31 0.000 0.87 9,41 27 0.000 0.52 2,50 
 R10 N g
-1 14 0.000 0.69 9,45 8 0.001 0.22 2,52 
           
 R20 area 12 0.000 0.70 9,45 29 0.000 0.53 2,52 
R20 mass 22 0.000 0.82 9,42 32 0.000 0.57 2,49 
R20 N g-1 12 0.000 0.65 9,44 6 0.004 0.16 2,51 
Leaf Traits          
 L 8 0.000 0.60 9,46 2 0.097 0.09 2,50 
 Nmass 8 0.000 0.61 9,44 5 0.016 0.15 2,51 
 Narea 17 0.000 0.79 9,41 4 0.017 0.15 2,49 
 C:N  11 0.000 0.69 9,43 3 0.041 0.12 2,50 
Polynomial coefficients (ln RTarea)          
 a 15 0.000 0.77 9,40 12 0.000 0.34 2,47 
 b 12 0.000 0.72 9,40 0 0.877 0.01 2,47 
 c 7 0.000 0.61 9,42 1 0.462 0.03 2,50 
Polynomial coefficients (ln RTmass)          
 a 18 0.000 0.75 9,43 6 0.004 0.16 2,52 
 b 9 0.000 0.59 9,43 0 0.969 -0.04 2,51 





                    
Conifer   F Ratio Prob > F r
2 df F Ratio Prob > F r2 df 
Respiration          
 R10 area 4 0.005 0.42 5,30 0 0.513 0.01 1,33 
 R10 mass 12 0.000 0.66 5,30 9 0.005 0.22 1,33 
 R10 N g
-1 8 0.000 0.52 5,29 9 0.004 0.20 1,33 
           
 R20 area 8 0.000 0.61 5,27 8 0.010 0.21 1,28 
 R20 mass 20 0.000 0.78 5,27 13 0.001 0.30 1,31 
 R20 N g
-1 8 0.000 0.52 5,28 14 0.001 0.28 1,32 
Leaf Traits          
 L 24 0.000 0.80 5,30 18 0.000 0.34 1,34 
Nmass 9 0.000 0.59 5,30 1 0.291 0.03 1,34 
Narea 13 0.000 0.70 5,28 35 0.000 0.53 1,31 
 C:N  16 0.000 0.75 5,27 2 0.151 0.06 1,34 
Polynomial coefficients (ln RTarea)          
 a 3 0.052 0.29 5,30 0 0.878 0.00 1,34 
 b 3 0.024 0.37 5,27 1 0.241 0.04 1,31 
 c 2 0.200 0.21 5,30 0 0.803 0.00 1,34 
Polynomial coefficients (ln RTmass)      
 
   
 a 7 0.000 0.47 5,30 5 0.027 0.11 1,34 
 b 1 0.253 0.05 5,30 1 0.376 -0.01 1,34 






Table 1-3. Mean area and mass-based polynomial coefficients (a, b, and c) and 95% confidence intervals (CI) for northern, central, 
and southern ranged broadleaved (n = 10) and conifer species (n = 6).  Polynomial coefficients were calculated from natural-log-
transformed rates of leaf respiration responses to temperatures ranging from 5-40°C. One-way ANOVAs were performed to 
statistically compare mean values of the coefficients across range category.  Least-squared means and confidence intervals were 
calculated and post-hoc analysis was used to determine the differences between range groups (denoted by unshared letters). 
 
System/Range   a 95% CI b 95% CI c 95% CI 
Broadleaved       
ln RTarea 
       
 Northern -2.0721
a [-2.2903, -1.8539] 0.1091a [0.0971, 0.1218] -0.0006a [-0.0004, -0.0008] 
 Central -2.6988
b  [-2.9170, -2.4806] 0.1105a [0.0991, 0.1225] -0.0005a [-0.0003, -0.0007] 
 Southern -2.7526
b [-2.9775, -2.5277] 0.1062a [0.0944, 0.1188] -0.0004a [-0.0003, -0.0006] 
ln RTmass 
       
Northern 0.5527a [0.2786, 0.8267] 0.1084a [0.0955, 0.1213] -0.0006a [-0.0009, -0.0004] 
 Central -0.0166
b [-0.3083, 0.2752] 0.1107a [0.0970, 0.1245] -0.0006a [-0.0008, -0.0003] 
 Southern -0.0375
b [-0.2731, 0.1981] 0.1092a [0.0978, 0.1206] -0.0005a [-0.0006, -0.0003] 
Conifer             
ln RTarea 
       
 Northern -0.0332
a [-0.3053, 0.2390] 0.0333a [0.0229, 0.0438] 1.51E-13a [-3.84E-13, 6.86E-13] 
 Central -0.0078
a [-0.2002, 0.1847] 0.0410a [0.0331, 0.0489] 2.32E-13a [-1.46E-13, 6.11E-13] 
ln RTmass        
 Northern 2.0285
a [1.7062, 2.3507] 0.0333a [0.0213, 0.0454] -2.02E-13a [-4.19E-13, 8.69E-14] 










Table 1-4. One and Two-way ANOVA model summaries and effect tests of the respiratory quotient (RQ) for broadleaved species 
(n=9).   
 
RQ  F Ratio Prob > F r2 df  
 Species 3 0.003 0.35 8,90  
 Range 11 0.000 0.33 2,96  
 Temperature 12 0.000 0.35 2,90  
 Range*Temperature 2 0.122 0.32 4,92  


























Table 1-5. Pearson correlation coefficients of leaf traits and physiology for broadleaved (below the diagonal) and conifer species 
(above the diagonal).  Area-based polynomial coefficients are shown in the table.  N varies from 36 (conifers) to 56 (broadleaved) 
individual trees for the bivariate comparisons. Correlations with significant P levels are in boldface and denoted with asterisks (0.02 > 
p < 0.05 (*); p = 0.01 (**), p < 0.001 (***)).  
 
Trait L C:N Nmass Narea R10 area R20 area R10 mass R20 mass R10 N g-1 R20 N g-1 a b c 
L    0.57*** -0.53*** 0.82*** 0.04 0.13 -0.77*** -0.79*** -0.61*** -0.68*** -0.03 0.11 -0.01 
C:N -0.02    -0.97*** 0.02 -0.05 -0.12 -0.46*** -0.54*** -0.07 -0.17 0 -0.06 0.28 
Nmass 0.05 -0.91***    0.03 0.1 0.15 0.44** 0.51*** 0.05 0.13 0.06 0.02 -0.24 
Narea 0.76*** -0.61*** 0.68***    0.14 0.25 -0.60*** -0.63*** -0.66*** -0.74*** 0.05 0.08 -0.14 
R10 area 0.30* -0.31* 0.40*** 0.48***    0.70*** 0.55*** 0.21 0.61*** 0.28 0.92*** -0.68*** -0.09 
R20 area 0.44*** -0.35** 0.46*** 0.62*** 0.97***    0.35* 0.40** 0.91** 0.42*** 0.39* 0.04 -0.06 
R10 mass -0.18 -0.30* 0.37** 0.11 0.87*** 0.76***    0.84*** -0.74*** 0.81*** 0.55*** -0.44** -0.1 
R20 mass -0.13 -0.38*** 0.46*** 0.2 0.88*** 0.81*** 0.98***    0.69*** 0.91*** 0.09 0.08 -0.05 
R10 N g-1 -0.19 0.2 -0.16 -0.25 0.7*** 0.56*** 0.85*** 0.78***    0.84*** 0.61*** -0.52*** 0.05 
R20 N g-1 -0.15 0.27* -0.23 -0.27* 0.67*** 0.57*** 0.78*** 0.75*** 0.97***    0.61*** -0.52*** 0.05 
a 0.25 -0.12 0.13 0.27* 0.82*** 0.75*** 0.77*** 0.73*** 0.73*** 0.69***    -0.90*** -0.08 
b 0.01 -0.03 0.11 0.08 -0.35** -0.24 -0.45*** -0.35** -0.49*** -0.42*** -0.78***    0.06 







Chapter 2: Leaf physiological response to temperature of northern, 























Carbon cycling in northeastern US forests is expected to change as climate-induced tree 
migrations shift the species composition of plant communities. Comparing the physiological 
temperature responses of trees with historically different geographical range distributions will be 
necessary to predict which species will be tolerant of a warming climate and how forest carbon 
dynamics will be impacted. In this study, foliar photosynthesis and respiration rates of seventeen 
co-located broadleaved tree species were measured under three temperatures (16°C, 23°C, and 
29°C) and compared based upon their historic range distribution (northern, central, and 
southern). Central ranged species had significantly lower RUBP-carboxylation (Vcmax), 
maximum electron transport rate (Jmax), triose phosphate utilization (TPU), and dark respiration 
(Rd) when compared to northern and southern species. When all species were pooled, Vcmax was 
26-28% lower at 16°C when compared to ambient and elevated temperatures. Historic range 
distribution was not a significant factor in the rates of photosynthesis (A) or on carbon use 
efficiency (the ratio of A to Rd) at ambient temperatures. Although no significant interaction 
effect was found between range group and temperature, the photosynthetic capacity of central 
ranged trees trended downward as temperatures increased from 23°C to 29°C. Leaf trait 
comparisons revealed that southern species had significantly higher mass-based nitrogen (Nmass), 
and lower area-based nitrogen (Narea), foliar carbon to nitrogen ratio (C:N), and leaf mass area 
(L) than their northern and central counterparts. A Pearson correlation analysis of leaf and 
physiological traits revealed a strong negative correlation between L and A. The evidence 
presented here suggests that central ranged trees may be at a physiological disadvantage under a 




such as the northern red oak, and alter the carbon storage potential of northeastern US temperate 
forests.  
2.2 Introduction 
2.2.1 Climate change and species range shifts 
Warmer air temperatures and other proximate causes of climate change have affected 
forest composition and energy flow dynamics worldwide (Cahill et al., 2012). Global surface air 
temperatures are projected to increase by 2.0 – 5.4°C over the next century (Crous et al., 2018; 
Huntingford et al., 2012; Meinshausen et al., 2009; Pachauri, 2007). In the northeastern US, air 
temperatures have increased by 0.8°C over the last 30 years (Frumhoff et al., 2007). Mean air 
temperature increases can affect plant growth and survival through changes in water or nutrient 
availability via changes in atmospheric chemistry and rates of mineral weathering (Aber et al., 
2001; Melillo et al., 1993; Pastor & Post, 1988). Therefore, warming climates may impose a 
selection pressure for thermo-tolerant plants (Dukes & Mooney, 1999; Ranney et al., 1994; 
Wang et al., 2012). Understanding and quantifying the physiological temperature response of a 
broad range of species and forest ecosystems will be necessary if we are to gain a predictive 
understanding of how the global carbon cycle could change under future warming, and to what 
extent the forest-derived ecosystem services, on which humans and other species depend, will be 
altered. 
 Plants are particularly vulnerable to shifts in thermal environments because they are 
sessile, relying on seed dispersal to migrate to areas of climatic tolerance and successful 
establishment and reproduction for a thriving population (Cahill et al., 2013; Renton et al., 
2012). Theoretically, plant community responses to predicted increases in surface air 




Corlett, 2008; Loarie et al., 2009); 2) persistence at current range via local adaptation (Aitken et 
al., 2008); or 3) extirpation (i.e. local extinction) (Aitken et al., 2008; Corlett, 2008). Several 
studies have observed significant movement of tree-lines to high-altitude regions as well as 
increases in tree density in higher elevations over time (Aitken et al., 2008; Danby & Hik, 2007a, 
2007b; Millar et al., 2004). In areas of rapid climate change, latitudinal migration has broadened 
species ranges introducing interspecific competition between native and non-native tree species 
at range margins (Harold A. Mooney & Hobbs, 2000). In contrast, dormant seeds of desert 
annuals and long-lived species have been able to persist under extreme climatic conditions (Bond 
& Midgley, 2001; Pearson, 2006; van Rheede van Oudtshoorn & van Rooyen, 1999). However, 
in worst case scenarios, slow migration rates to suitable climates have resulted in local 
extinctions decreasing plant diversity, altering community compositions and disrupting 
ecosystem functioning where these species once took provenance (Thuiller et al., 2005). 
Climate-induced range shifts are gradual and necessary to sustain species existence; however, it 
will be necessary for species to be able to track their preferred ecological niches at a fast pace 
and acclimate to climate changes at contrasting sides of their range margins.      
 Global vegetation models (GV) and species distribution models (SDMs) have shown that 
1 km y-1 migration rates for plants may be necessary in regions of rapid climate change (Aitken 
et al., 2008). Classic reconstructions of plant demography from fossil pollen records suggest that 
rapid migration rates were, at one time, attainable for temperate species after the last glacial 
period (Davis, 1981; Delcourt & Delcourt, 1987). However, models that incorporate seed 
dispersal (including rare dispersal events) and a study using molecular surveys show that tree 
species may be moving an order of magnitude slower (Iverson et al., 2004; McLachlan et al., 




due to their inability to acclimate or adapt to a warming climate, comparison studies on 
interspecies physiological competitiveness at current and projected geographic locations is 
necessary.  
2.2.2 Black Rock Forest  
Migration, persistence, and extirpation examples have not only been found at the global 
scale but have been observed regionally. In a 2008 review article, Schuster et al. summarized 
changes in forest composition at Black Rock Forest (BRF is located in the Hudson Highlands 
Region of New York state) over a 76-year time period. Observations at BRF recorded the 
extirpation of three tree species that had been replaced with the establishment of eleven tree 
species, which had either been planted (Acer saccharum Marsh.), migrated naturally, or had been 
introduced anthropogenically (eight of the eleven species shown in Table 2-1 in the Appendix). 
The American elm (Ulmus americana L.), paper birch (Betula papyrifera Marsh.), and black 
spruce (Picea mariana (Mill.) B.S.P.) are northern ranged species that have declined in numbers 
due to disease, rare presence, and failure to reproduce and survive, respectively (Schuster et al., 
2008). Most plant species that have migrated into the forest have a southern range distribution, in 
which BRF lies at their northern margin, or are non-native to North America (ie. tree-of-heaven 
(Ailanthus altissima (Mill.) Swingle, and white poplar (Populus alba L.) (Schuster et al., 2008).  
Mitigated through climate change, the extirpation of northern tree species and the migration and 
persistence of southern and introduced tree species have changed forest species composition, 
with larger implications for regional and global cycles (Schuster et al., 2008). 
Currently, the Hudson Highlands region of New York has a high dominance of oak 
species, which are known to sequester large amounts of carbon (Schuster et al., 2008) in a region 




2004). However, the proximate causes of tree mortality, such as insect outbreaks, severe 
droughts, and environmental disturbances, such as extensive forest clearings in the surrounding 
Hudson Highlands region, have controlled the long-term biomass and carbon dynamics of BRF 
since the late 1940’s (Schuster et al., 2008). One of the most influential factors influencing the 
sequestration of carbon at BRF involves shifts in tree species composition. Mature oaks have 
inherent physiological and physical traits, such as higher photosynthetic capacities, water and 
nitrogen-use efficiencies, and adaptations to resist drought and fire, that contribute to their long-
term persistence in northeast US forests (Schuster et al., 2008; M. Turnbull et al., 2002; M. H. 
Turnbull et al., 2001). However, declining oak recruitment (due to increased deer browsing and 
competition) and periodic landscape disturbances threaten the forest’s carbon storage potential 
(Côté et al., 2004a; Rooney & Waller, 2003). For example, the Future of Oak Forests experiment 
at Black Rock Forest experiment set up a series of 12 plots in 2006 to determine what would 
happen if the forest were to lose proportional estimates of oak trees, given their susceptibility to 
plant diseases such as sudden oak death. The experimental plots were randomized and design 
with four treatments where 100% oaks were girdled, 50% oaks were girdled, all plants that were 
not oak were girdled, and a control treatment where all trees were left in their original state. Over 
time, a suite of plant and soil measurements were examined on those plots. Some key findings 
around carbon dynamic changes found that black birch increased their biomass significantly as 
more oaks were removed, implying potential to be an early successional species with red maple, 
which is already known to dominate the understory of BRF (Falxa-Raymond et al., 2012). In 
addition, soil respiration tended to decrease non-linearly in response to 100% oak girdled and a 
treatment where all trees were removed. However, over time, soil respiration trended back 




that are successful at establishment and reproduction as a product of climate change may 
negatively influence the forest’s carbon storage capacity during the transitional period of 
replacing resident species like oaks, potentially increasing the flux of carbon into the 
atmosphere. Consequently, replacement of oak by introduced or migrant species from the south 
may, in turn, reduce a set of important ecosystem services that oak-dominated forests provide 
(Schuster et al., 2008).  Researching the physiological response of trees under a warming 
climate, interspecific competition of species, and their tolerance to environmental disturbance is 
necessary in order to understand how these factors will affect future forest composition and 
carbon storage potential. 
 To address the above gap in knowledge related to the physiological temperature response 
of tree species whose range distributions intersect in a forest experiencing a warming climate, we 
measured leaf-level physiological and morphological traits of co-occurring tree species that have 
northern, central, or southern range limits within Black Rock Forest, NY, US. This research tests 
whether the historic range distribution (ie. climate of origin or species provenance) of tree 
species is a predictor of and physiological capacities and response to temperature, leaf traits, and 
whether the relationship between leaf and physiological traits are correlated. We hypothesized 
that 1) the historic range distribution will be a main determinant of a species physiological 
capacity, where southern ranged species will exhibit higher rates of Vcmax, Jmax, TPU, and Rd 
when compared to central species, which would have intermediate values between southern and 
northern ranged groups; 2) the photosynthetic capacities, carbon assimilation (A) and dark 
respiration (Rd) of all species pooled will increase under elevated measurement temperatures 
with the lowest rates exhibited at 16°C and the highest rates exhibited under 29°C; 3) historic 




temperatures, in which southern species will have the highest photosynthetic and respiration 
rates across all temperatures, when compared to central ranged species, which will have 
intermediate rates between southern and northern species; 4) leaf trait differences will be found 
among range groups and be attributable to the physiological capacities they possess. 
 
2.3 Materials and Methods 
2.3.1 Site description 
This study was conducted in Black Rock Forest, a 1550 ha preserve located in the 
Hudson Highlands Region of southeastern New York State (41.45°N, 74.01°W). The forest 
canopy is predominately comprised of hardwoods (67% oak) with the remainder consisting of 
non-oaks and <2% conifers (Falxa-Raymond et al., 2012; Patterson et al., 2018; Schuster et al., 
2008). Red oak (Quercus rubra L.) and chestnut oak (Quercus prinus L.) dominate the canopy, 
while the understory is dominated by red maple (Acer rubrum L.) with sugar maple (Acer 
saccharum Marsh.), black birch (Betula lenta L.), and yellow birch (Betula alleghaniensis Britt.) 
making up a significant proportion of the area. The average annual precipitation is 1,200 mm and 
air temperatures range from a mean of −2.7°C in January to 23.4°C in July (NOAA, 2002). The 
soils are mostly medium textured loams, with granite gneiss bedrock or glacial till parent 
material at 0.25-1 m depth (Olssen, 1981). Site index values range from poor to good with soils 
generally acidic and low in nutrients (Lorimer, 1981b). 
2.3.2  Plant material collection 
The study was conducted in June 2013, 2014, and 2015. Leaf samples were collected 




distribution groups (northern, central, and southern; Table 2-1). Range groups were created 
based on species range maps (Little, 1971, 1977) and affirmed by calculating each species’ 
center range (latitude) and binning them into their respective groups (southern < 37°N,  37°N < 
central < 43°N, northern > 43°N) (Peter B Reich et al., 2015), with the exception of Robinia 
pseudoacacia, which had a center range of 37.5°N and regarded as southern in our study, due to 
a range that was restricted to the southern limits. Collection took place in the morning hours 
before noon. A 12-gauge semi-automatic shotgun (TriStar Sporting Arms, LTD., Missouri, USA) 
was used to shoot down canopy branches grown in full sunlight.  Once branches were retrieved, 
they were placed in a bucket of water where the stem was pruned to avoid negative changes in 
hydraulic properties. Branches were then tagged with their appropriate labels and brought back 
to the lab for processing. Previous studies have shown that gas exchange measurements remain 
stable for up to 14 hours on excised branches (Dang et al., 1997; Mitchell et al., 1999), therefore, 
photosynthesis measurements were conducted no more than 10 hours after branch collection.   
2.3.3 Leaf trait and physiological measurements 
In the lab, fully expanded leaves from each branch were chosen for measurement and 
allowed to acclimate to room temperature prior to the first measurement. Five leaves were then 
sampled off the main branch, freshly weighed, and run through a leaf area meter used to acquire 
the projected leaf area (cm2) (Licor 3000C, Lincoln NE USA). Leaves were then placed into 
separate coin envelopes and dried in an oven at 60°C for two days.  Dry mass (g) and leaf area 
(cm2) were used to calculate leaf mass area (L; dry mass (g) divided by leaf area (m-2)). Leaves 
that were dried in the oven were ground into powder using a ball mill (SPEX 8000 Mixer/Mill®, 
New Jersey, USA). Two to four milligrams of dried leaf powder was weighed into tin capsules 




determine % carbon, % nitrogen and the carbon to nitrogen ratio (C:N; grams per gram of leaf 
tissue).  Leaf nitrogen (N) in grams per area (Narea) and grams per mass (Nmass) was then 
calculated.  Leaf traits using the methods previously described were also recorded for leaves 
used in the infrared gas analyzer. 
2.3.4 Photosynthetic Parameters 
A healthy leaf (still attached to the main branch) was selected and inserted into a portable 
infrared gas analyzer (Licor 6400xt, Lincoln, NE USA) to measure net photosynthetic rates at 
three temperatures (16°C, 23°C (ambient), and 29°C) over eleven CO2 levels (1000, 750, 650, 
550, 450, 350, 250, 150, 75, 50, 25 µmol). The measured photosynthetic CO2 response curves 
were retrieved and then analyzed using a free Excel solver utility created by Sharkey et al. 
(2007). Maximum rate of carboxylation (Vcmax), maximum electron transport rate (Jmax), triose 
phosphate utilization (TPU), and dark respiration (Rd) were expressed on a projected area basis 
(μmol m–2 s-1), while maximum CO2 assimilation at Ci ~400 ppm (A) was projected on both an 
area (Aarea; μmol m–2 s-1) and mass basis (Amass; μmol g–1 s-1).  Carbon use efficiency was 
calculated by dividing A by Rd. 
2.3.5 Statistical Analysis 
All data was tested for normality, transformed (if necessary), analyzed, and back 
transformed (if means needed transformation) to acquire least-squared means and standard 
errors. One-way analysis of variance models (ANOVA) tested the effects of species, range 
distribution, and temperature on physiological and leaf traits. Two-way ANOVAs were used to 
detect if the interactions of temperature and species or temperature and range distribution had 




determine which range category, species, temperature, or interaction group was statistically 
significant from each other. We used a subset of the data (observations that were measured at 
23°C) to analyze Pearson’s correlation matrices for both the leaf and physiological traits in order 
to detect statistically significant relationships at a P level of 0.05. All statistical methods were 
implemented in RStudio, Inc. version 0.99.893 (RStudio, Inc., 2009-2016). 
2.4 Results 
2.4.1 Geographic range and temperature effects on photosynthetic traits   
Species differences were found across Vcmax, Jmax, TPU, and Rd (Table 2-2, SI Table 2-1, 
Figures 2-1A, 2-1D, 2-1G, 2-1J). When species were grouped by geographic range, central-
ranged species had significantly lower Vcmax than northern and southern species (by 39% and 
31%, respectively; Tables 2-2 and 2-3, Figure 2-1B). In addition, temperature had a significant 
effect on Vcmax, where Vcmax at 16°C was 26% and 28% lower than rates at 23°C and 29°C, 
respectively (Tables 2-2 and SI Table 2-2, Figure 2-1C). No significant interaction effects were 
found between species and temperature or range and temperature (Table 2-2). 
Although Jmax was significantly lower in central-ranged species when compared to their 
northern and southern counterparts (by 42% and 37%, respectively; Tables 2-2 and 2-3, Figure 2-
1E), no significant temperature effects were found (Tables 2-2 and SI Table 2-2, Figure 2-1F). 
The interaction effect between range and temperature was not significant (Table 2-2). However, 
there was a significant interaction effect between species and temperature (Table 2-2). 
TPU rates differed significantly across range, in which central-ranged species showed 
lower TPU rates when compared to northern and southern species (by 37% and 30%, 




significant differences were found in TPU across temperature (Tables 2-2 and SI Table 2-2; 
Figure 2-1I). In addition, interaction effects of species and range by temperature was 
insignificant (Table 2-2). 
Rd differed significantly across species (Table 2-2, SI Table 2-1; Figure 2-1J). When we 
compared Rd across range, central-ranged species had a significantly lower rate that was 35% 
and 43% lower than southern and northern ranged species, respectively (Tables 2-2 and 2-3; 
Figure 2-1K). However, temperature effects on Rd was not significant when all species were 
pooled (Tables 2-2 and SI Table 2-2; Figure 2-1L).  Similarly, no significant interaction effects 
between species or range by temperature were found (Table 2-2). 
Species differences were found across Aarea, Amass, and A:Rd (Table 2-2, SI Table 2-1, 
Figures 2-2A, 2-2D, 2-2G).  However, no significant differences were found when we compared 
area and mass-based A, or A:Rd  across geographic range and temperature (Tables 2-2, 2-3 and SI 
Table 2-2; Figures 2-2B, 2-2C, 2-2E, 2-2F, 2-2H, and 2-2I). In addition, interaction effects 
between species or range by temperature on area and mass-based A and A:Rd were not significant 
(Table 2-2). 
When all species were pooled, significant differences were found in Jmax when 
temperature was controlled (Table 2-2, Figure not shown). However, physiological response to 
temperature for all traits measured, did not differ significantly across range group when 
temperature was controlled (Table 2-2, Figure 2-3).  
2.4.2 Leaf trait differences across species and geographic range 
Significant differences were found between L, Narea, Nmass, and C:N when comparing 
across species (Tables 2-2 and 2-3, Figures 2-4A, 2-4C, 2-4E, and 2-4G). We found no 




Figure 2-4B). However, southern species had significantly lower L when compared to their 
northern (by 31%) and central ranged counterparts (by 26%) (Tables 2-2 and 2-3, Figure 2-4B). 
Southern species had 19% lower Narea than northern species and statistically similar values to 
central-ranged species (Tables 2-2 and 2-3, Figure 2-4D). In contrast, southern species had 
significantly higher Nmass than northern (by 30%) and central species (by 17%), which had 
statistically similar Nmass values to each other (Tables 2-2 and 2-3, Figure 2-4F). C:N differed 
significantly across range group, in which southern species had significantly lower C:N values 
than their northern (by 25%) and central-ranged (by 24%) counterparts, which did not differ 
significantly from each other (Tables 2-2 and 2-3, Figure 2-4H). 
2.4.3 Correlations between photosynthetic and leaf traits 
There were several significant correlations between leaf and physiological traits when all 
species were pooled (Table 2-4). A Pearson correlation analysis revealed negative correlations 
between L and Nmass, as well as L and Amass. Narea and Nmass were also negatively correlated with 
C:N for all species pooled. Strong positive correlations were found between L and Narea, L and 
C:N, as well as between Narea and Nmass. The correlations between all physiological traits were 
both significant and positive, with the exception of A:Rd which yielded no significant 
correlations. 
2.5 Discussion 
Our results partially supported our first hypothesis that the physiological capacities of our 
study trees would be highest in southern ranged species, intermediate in central species, and 
lowest in northern species. The lowest physiological variables (Vcmax, Jmax, TPU, and Rd) were 




comparably similar to each other. Results also partially support our second hypothesis, which 
paralleled previous studies that found increased responses in photosynthesis (Crous et al., 2018; 
Way & Oren, 2010) and respiration (Owen K. Atkin et al., 2005) to elevated growth or exposed 
temperatures. However, our results partially supported this hypothesis. We found that when all 
species were pooled, Vcmax was the only photosynthetic component that showed higher rates at 
elevated temperatures, which would be an expected response for plants experiencing warming. 
All other photosynthetic (A, Jmax, TPU), respiration (Rd), and carbon use efficiency (A:Rd) rates 
remained steady with no statistically significant differences between low and elevated 
temperatures. The prevailing temperatures during the summer growing season in the northeastern 
US may have enabled these study species to acclimate or locally adapt to these conditions. The 
indifferences in photosynthetic rates we observed across temperature, suggest that a suite of 
biochemical and physiological adjustments were made, resulting in a homeostatic acclimation 
response (Drake et al., 2016). Our third hypothesis predicting higher physiological rates under 
elevated temperatures in southern ranged species when compared to central and northern species 
was not well supported with our findings. When range group was factored in as an interaction 
term with measurement temperature, the photosynthetic and respiratory response to elevated 
temperature was insignificant. Partially consistent with our fourth hypothesis, significant 
correlations were found between leaf physiological and morphological traits, which will be 
discussed at the end of this section. Although the results of this study implies that the climate-of-
origin for this suite of species is not a significant driver behind their physiological response to 
elevated temperature, it does reveal significant physiological and leaf morphological trait 
differences between range groups that may be driven by their life histories and genetic adaptation 




Studies have shown that species that have a strong local adaptation to their climate-of-
origin is a strong determinant to how they will physiologically respond to warming temperatures 
(Alberto et al., 2013; Berry & Bjorkman, 1980; Crous et al., 2018; Drake et al., 2017; Rehfeldt et 
al., 1999; P. B. Reich & Oleksyn, 2008). Cold-adapted species have been shown to increase rates 
of growth and photosynthesis through improved Rubisco carboxylation (C. A. Gunderson et al., 
2010; Way & Oren, 2010), which could partially be explained by the evolution of enzyme 
kinetics of plants from cooler regions. Sage (2002) suggests that C3 plants originating from cool 
environments evolved to improve the catalytic efficiency of the Rubisco enzyme over species 
from warm environments (Sage, 2002). At low temperatures, the CO2 concentration needed to 
saturate Rubisco declines and the solubility of CO2, as well as the CO2 specificity of Rubisco, 
increases (Sage, 2002). Cold-adapted species that have evolved to increase their enzymatic 
efficiency may increase their physiological competitiveness under moderate temperatures, 
resulting in higher rates of photosynthesis than species who have not adapted this efficiency.  
In contrast, warm-adapted species have been shown to reduce growth rates and carbon 
gain under elevated temperatures as a result of their inability to acclimate to large temperature 
fluctuations or seasonality, which are usually absent in low latitude regions (Crous et al., 2018; 
C. A. Gunderson et al., 2010; Way & Oren, 2010). The similar photosynthetic capacities and 
respiration rates found between the northern and southern range groups in our study may provide 
evidence to support that the acclimation response of southern species to warming resulted in an 
actual reduction that matched the northern species physiological capacities (this response could 
only be supported with data that showed higher physiological rates under temperatures above the 
maximum value (29°C) we used in our study). Alternatively, biochemical and leaf 




a local adaptation to the growing temperatures of their current thermal environment (Drake et al. 
2017).  
Plants found at the “forward” margins of their geographic range could likely be 
experiencing higher levels of abiotic stress than individuals at lower latitudes where interspecific 
competition increases due to low relative fecundity and population density. This stress could 
hinder the establishment and successful growth to reproductive age of individuals on the forward 
margins (Aitken et al., 2008).  However, individuals of the southern ranged species used in our 
study are most likely experiencing “cooler” temperatures relative to their southerly counterparts, 
potential stressors associated with interspecific competition and temperature thresholds may not 
influence their fitness if a long-term evolutionary history of these selective pressures favor 
phenotypic plasticity, promoting climate tolerance and adaptability, alleviating the pressure on 
populations to migrate to optimal climate regimes (Berry & Bjorkman, 1980; Crous et al., 2018; 
Loarie et al., 2009; Midgley et al., 2007; Pearson, 2006). Continued study on among-species 
variation to thermo-tolerance is an important factor in evaluating optimal migration rates where 
the implications may result in tree species survival and persistence or extirpation. 
Lower latitude species (in our case, our southern ranged study species) are often 
categorized as fast-growing, accumulating biomass at high rates due to the longer growing 
seasons they endure in their native regions, in contrast to their northern counterparts (Benowicz, 
Guy, Creek, et al., 2000; Loehle, 1998; Mátyas & Yeatman, 1992; Roberds et al., 1990; Wilson 
& Williamson, 2008; Ying, 1991). The higher carbon gains resulting in faster growth would 
ascribe southern species as physiologically advantaged when introduced to northern regions that 
are experiencing longer growing seasons and warming atmospheric temperatures. An analysis of 




physiological maintenance of these range groups. Lower A:Rd values would indicate that species 
are respiring more carbon than they are assimilating, and higher ratios would indicate higher 
carbon assimilation and faster growth potential. Although we found that central ranged species 
were operating at lower photosynthetic capacities and respiration rates, their carbon use 
efficiency was statistically equivalent to their northern and southern counterparts. Atkins et al. 
(2006) explains that temperature-mediated phenotypic plasticity can result in metabolic 
acclimation in cold vs. warm grown plants, where carbon gain to carbon loss ends up being 
similar resulting in relatively constant relative growth rates across thermal environments. This 
explanation supports our findings and suggests that northern and southern species may have 
acclimated to the prevailing growth temperatures of temperate region.  
The temperature response of carbon use efficiency also showed similar patterns across all 
species (Figure 2-2I) and range group (Figure 2-3E), showing no significant change across 
increases in measurement temperature. This lack of change suggests that physiological controls, 
such as respiratory substrate limitations after photosynthesis acclimation, may have increased 
and/or decreased Rd concurrently with assimilation rates, to compensate for increases in 
temperature (Dewar et al., 1999; Drake et al., 2016; Gifford, 2003). Further experiments testing 
photosynthetic acclimation of individuals along a range gradient across and within a wide variety 
of species would provide further insight on physiological trait selection and genetic adaptability 
to warming thermal environments. 
The lowest physiological capacities found in central ranged species is contradicting to the 
dominant position they hold at BRF and is misaligned with scientific explanations (e.g., the 
abundant center hypothesis and exclusion niche theory). This hypothesis and theory suggest that 




northern counterparts. According to Sexton et al. (2009), the abundant center hypothesis assumes 
that “environmental suitability is spatially autocorrelated such that: (a) species abundance is 
greatest where the environment is most favorable, and (b) the environment is most favorable at 
the range center.”  However, studies cited in Sexton et al.’s review have shown results that do 
not support the abundant center hypothesis, which the authors state could be due to under-
sampling of individuals located at the rear-edge of species ranges. In addition, correlating plant 
fitness or physiological performance along any spatial gradient of the species range can change 
depending on years when abiotic variables exceed plant tolerances during extreme weather 
events, which may or may not occur some years at range edges (Sexton et al., 2009). McGill 
(2012) collected growth data on fifteen common tree species in the northeastern US and found 
results that do not support the idea of exclusive niches, and instead suggest that the abundance of 
a species may be due to competitive exclusion from portions of its range (McGill, 2012). The 
lower physiological performance of the central-ranged species we found in our study may 
support the growing number of studies that are finding data to support an inclusive niche 
organization of northeastern US forests. This inclusive niche organization of forest communities 
suggests that in environmentally optimal areas, competitively dominant species operate at their 
physiological optimum, but under sub-optimal environmental conditions, competitively 
dominant species are displaced by competitively weaker ones that are able to tolerate poorer 
environments. More studies on the plasticity of physiological performance along a range gradient 
is necessary to assess whether the persistence of species populations is a result of local 
adaptation and/or ecological filtering favoring genotypes that can acclimate to prevailing 




The climate-of-origin did not have a significant effect on the temperature response of 
physiological traits. However, it is worth noting that the individual photosynthetic and 
respiratory responses to warming within each range group changed direction across measurement 
temperature (Figure 2-3). For example, the Vcmax for northern species, showed an increasing 
trend as measurement temperature increased, differing from the central species response, which 
peaked at 23°C and declined at 29°C, while the southern species slightly increased at 23°C and 
remained steady under the elevated measurement temperature (Figure 2-3A). The physiological 
response of our southern species (near steady photosynthetic capacities, A, and A:Rd ratio under 
elevated temperature) is in contrast to results found in provenance studies that have shown 
increased photosynthesis and growth to elevated temperatures in species located near their cool 
range limit (Iverson & Prasad, 1998; Peter B Reich et al., 2015). Similarly, the increasing trend 
in Vcmax, steady A, and increased A:Rd trends under elevated temperature exhibited by our 
northern species (Figures 2-3A, 2-3F, 2-3G, and 2-3E) also partially misaligns with these studies, 
which found reduced photosynthesis and growth under elevated temperatures in species located 
near their warm range limit. Way’s (2019) review about the parallels of leaf level physiological 
temperature responses to ecosystem photosynthesis response to temperature, referencing Huang 
et al.’s (2019) work, states that cold adapted plants may respond positively to warming 
temperatures as their Topt may become higher than the prevailing climate they are in. In contrast, 
when the Topt of warm adapted plants reach near the maximum air temperatures of their current 
environment, carbon uptake may be reduced (if warming continues). Sendell et al.’s (2014) 
results support the physiological acclimation of co-occurring species with differing native 




adapted) and boreal (cold adapted) species shifted 1.1°C under a 2.9°C warming and were 
operating at 90-95% of the photosynthetic maximum.  
The increase, peak, and then trending decline of the photosynthetic capacity from low to 
ambient to elevated temperature in our central ranged species, suggest that they may be currently 
operating at their thermal optimum, where exposure to warmer than current mean air 
temperatures may result in a physiological disadvantage if they cannot shift their Topt to track the 
increase in air temperature (Way 2019). Studies, like Searle et al.’s (2011), have empirically 
observed these physiological declines. They found that when mature oaks, a dominant and 
central ranged tree species in the northeastern US, were grown under the elevated temperatures 
and atmospheric CO2 concentrations in an urban environment, they exhibited higher rates of 
respiration than oaks grown under the cooler temperatures and lower CO2 levels found in the 
surrounding rural areas (Searle et al., 2011). Similarly, Wertin et al. (2011) found declines in 
growth of red oaks grown under elevated CO2 and warming, which was associated with lower 
photosynthetic capacity and higher dark respiration rates (Wertin et al., 2011). These trending 
directional changes in rates under elevated temperatures may exhibit a response that is indicative 
of how these northeastern US range groups would respond to longer periods of elevated 
temperature or during periodic weather events, such as heat waves, which are predicted to 
become more frequent and extreme (Bauweraerts et al., 2013; Drake et al., 2016; O’sullivan et 
al., 2017; Wang et al., 2012). Further study on the physiological effects of short- and long-term 
elevated temperature experiments incorporating an expanded number of co-occurring species 




2.5.1 Leaf traits  
Partially consistent with our fourth hypothesis, we found statistically significant 
correlations between physiological and leaf traits. Strong positive correlations were found 
between each physiological trait, highlighting the coupling of the components of the 
photosynthetic pathway. L and Nmass were negatively correlated with each other. However, no 
significant correlation was found between physiological traits and L or N (with the exception of 
the negative correlation found between L and Amass). Studies have shown that species with lower 
leaf mass area allocate less carbon towards their leaf morphology, increasing the amount of leaf 
N available for the synthesis of enzymes and metabolites used during photosynthesis (Peter B. 
Reich et al., 1998), which may support the negative correlation we found between L and Amass. 
The maintenance of these enzymes and metabolites are costly and would be reflected in high 
rates of respiration (P. B. Reich et al., 1998). Southern species had low L and high Nmass, whereas 
northern species had high L and low Nmass (Figure 2-4), which is consistent with results published 
about leaf morphological traits under contrasting growth temperatures (Atkin et al. 2006, Friend 
and Woodward, 1990, Korner, 1999, Loveys et al. 2002). Although, both southern and northern 
range groups had contrasting leaf morphological traits, they had comparable physiological 
capacities and respiration rates (Figures 2-1 and 2-2). This result may be evidence to support that 
the leaf traits of these range groups may not be a main contributor to their ability to acclimate 
their metabolism to the prevailing thermal environment. Further data collection on leaf structural 
and biological components and extending measurements to whole plant biomass may help reveal 
plastic phenotypes that may lend to the observed metabolic acclimations of co-occurring trees 





 In summary, we found significant correlations between leaf traits, and marginal 
correlations with a suite of physiological traits that are not consistent with theoretical and 
empirical studies (Peter B. Reich et al., 1995, 1999).  
Regarding physiological traits across range groups, species from differing climatic 
provenances were able to maintain similar amounts of carbon use efficiency. However, their 
photosynthetic capacities not only varied significantly across range groups but trended 
differently when exposed to warming temperatures. Central ranged species may be 
physiologically disadvantaged due to their lower photosynthetic capacities and trending decline 
in physiological response to temperature. This result suggests that populations of dominant and 
central ranged species in the northeast US region, such as red oak, may become threatened in lieu 
of climate change, as displayed by negative growth response to elevated temperatures in 
warming studies (Searle et al., 2011; Wertin et al., 2011). Range shifts resulting in local 
extinctions of central ranged species and compounding climate related disturbances, such as  
fires and disease (Pachauri, 2007), opens a niche for introduced or migrant species. Introductions 
of physiologically competitive non-native species to the region of the northeast US can shift the 
composition of communities, further impacting the carbon storage potential of these forests. 
Further research on the physiological temperature response across a range of co-occurring tree 
species and populations across range gradients will allow us to assess which species can best 
acclimate to warming climate and help us understand how changes in community composition 
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Figure 2-1. Bar graphs showing mean area-based rates of maximal carboxylation rate (Vcmax); 
rate of electron transport (Jmax); triose phosphate use limitation (TPU); and dark respiration (Rd). 
Species, range, and temperature means are shown for Vcmax (a, b, c), Jmax (d, e, f), TPU (g, h, i), 
and Rd (j, k, l). Error bars represent 1 SEM. Means not sharing a common letter are significantly 










Figure 2-2. Bar graphs showing mean area and mass-based rates of CO2 assimilation (A) and 
carbon use efficiency (A:Rd) for species (a, d, g), range category (b, e, h), and measurement 
temperature (c, f, i). Error bars represent 1 SEM. Means not sharing a common letter are 









Figure 2-3. Bar graphs showing mean area-based rates of maximal carboxylation rate (Vcmax); 
rate of electron transport (Jmax); triose phosphate use limitation (TPU); and dark respiration (Rd); 
carbon use efficiency (A:Rd); and area and mass-based rates of CO2 assimilation (Aarea and Amass) 
at 16°C, 23°C, and 29°C for northern, central, and southern broadleaved species. Error bars 











Figure 2-4. Species and range category means for leaf mass area (L; graphs a and b), area-based 
foliar N content (Narea; graphs b and c), mass-based foliar N content (Nmass; graphs e and f), and 
foliar carbon to nitrogen (C:N) ratio (g and h). Error bars represent 1 SEM. Means not sharing a 










Figure 2-5. Correlogram displaying a matrix with Pearson correlation coefficients for 
physiological and leaf traits. Relationships that are significantly correlated (p < 0.05) are colored 











Table 2-1. Seventeen broadleaved species used in this study. Species used in Patterson et. al 
(2018) experiments measuring the respiration response to elevated temperature are denoted with 
the † symbol. Species are categorized based on their native range distribution specified in the 





Northern Central Southern 
Betula papyrifera† (BP) Acer rubrum† (AR) Ailanthus altissima (AA) 
Populus tremuloides† (PT) Acer saccharum (AS) Carya glabra† (CG) 
Populus grandidentata† (PG) Betula lenta (BL) Catalpa bignonioides (CB) 
  Quercus alba (QA) Liriodendron tulipifera† (LT) 
  Quercus prinus† (QP) Morus rubra (MR) 
  Quercus rubra† (QR) Nyssa sylvatica (NS) 
      Platanus occidentalis† (PO) 




Table 2-2. Statistical estimates of the main effects and factorials acquired from ANOVA modeling on broadleaf physiological and leaf 




Species Range Temperature 
F 
Ratio 
Prob > F r2 df 
F 
Ratio 
Prob > F r2 df 
F 
Ratio 
Prob > F r2 df 
Photosynthesis                  
  Vcmax 3.63 0.000 0.17 16,186 7.25 0.000 0.06 2,200 3.87 0.022 0.03 2,199 
  Jmax 3.88 0.000 0.18 16,191 9.49 0.000 0.08 2,205 0.21 0.808 0.01 2,205 
  TPU 3.51 0.000 0.16 16,191 6.77 0.001 0.05 2,205 0.28 0.758 0.01 2,205 
  Rd 3.83 0.000 0.19 16,183 6.37 0.002 0.05 2,184 1.34 0.265 0.00 2,197 
  Aarea 2.04 0.013 0.07 16,190 1.06 0.347 0.00 2,202 0.51 0.601 0.00 2,202 
  Amass 3.18 0.000 0.15 16,186 1.43 0.242 0.00 2,200 0.11 0.895 0.01 2,200 
  A:Rd 2.96 0.000 0.14 16,174 1.35 0.261 0.00 2,184 0.13 0.877 0.01 2,184 
Leaf Traits                 
  L 16.66 0.000 0.74 16,74 24.23 0.000 0.34 2,88       
  Narea 7.28 0.000 0.55 16,67 3.43 0.037 0.05 2,82      
  Nmass 45.54 0.000 0.89 16,68 7.07 0.001 0.13 2,81      
  C:N  32.63 0.000 0.85 16,67 12.45 0.000 0.21 2,83      
    Species x Temperature Range x Temperature         
    
F 
Ratio 
Prob > F r2 df 
F 
Ratio 
Prob > F r2 df 
    
Photosynthesis                  
  Vcmax 0.52 0.974 0.13 26,158 0.69 0.601 0.08 4,194     
  Jmax 0.68 0.006 0.14 27,162 1.36 0.249 0.06 4,199     
  TPU 0.72 0.838 0.13 27,162 1.00 0.407 0.07 4,199     
  Rd 1.21 0.233 0.21 27,154 2.08 0.088 0.09 4,176     
  Aarea 0.54 0.968 0.01 26,159 0.37 0.827 0.02 4,195     
  Amass 0.41 0.995 0.07 26,158 0.18 0.951 0.02 4,194     






Table 2-3. Means and standard errors for physiology and leaf traits across range distribution categories. Within columns, values not 
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 This dissertation presents research on the physiological traits and responses to elevated 
air temperatures for 23 tree species with historically different range distributions all found within 
a single northeastern US forest. The data collected within provides a deeper understanding of the 
physiological mechanisms that drives climate-induced migration and gives insight to which 
species may best be able to tolerate a warming climate in the Hudson Highlands region of New 
York. Many of the tree species used in this research had little to no published record of their 
physiological traits and responses to temperature, nor has this suite of species been used to assess 
if their historic geographic provenance plays a role in the physiological response to a changing 
climate. This embodied work will set a foundation for future studies to quantitatively determine 
which species would be best able persist under future climate conditions, better fine-tune SDMs 
to forecast vegetative community composition, and calculate our regional forests’ carbon storage 
potential under various temperature scenarios. 
In Chapter 1, I sought to answer whether the historic geographic provenance of ten 
broadleaved and six coniferous tree species was a significant factor in the respiratory response to 
elevated atmospheric temperatures in an eastern US deciduous forest. I examined the foliar 
respiration of northern, central, and southern ranged species at two measured temperatures (10°C 
and 20°C), applied a model predicting respiration across temperature, estimated which 
respiratory substrate was used in the biochemical pathway for each range group (via calculating 
the respiratory quotient), and if substrate used to fuel the respiratory process changed across 
temperature. Northern ranged broadleaved trees consistently had higher rates of respiration at 
both low and elevated temperatures for both measured and modeled rates of respiration, 




respiration than warm or hot-grown plants (Owen K. Atkin & Tjoelker, 2003). This pattern of 
acclimation deviates from the comparable responses of central and southern ranged broadleaved 
trees, suggesting a higher contribution of tree-sourced carbon dioxide being released from 
northern trees in a forest undergoing warming. On the other hand, northern ranged conifers 
showed a similar response to warming when compared to central ranged conifers – but only 
when respiration was expressed on a leaf mass basis, which may be attributed to how nitrogen is 
allocated within the geometry of a conifer needle than a flat-surfaced leaf. Although respiration 
was higher overall for both northern broadleaved and conifer species, the contribution of conifers 
to CO2 sourcing from the forest to the atmosphere may not be as impactful as they make up less 
than 2% of the forest tree composition. Respiratory substrates used to fuel the respiration process 
shifted away from carbohydrates to alternative sources of fuel (ie. protein and fats) as 
atmospheric temperatures increased. Although these alternate sources of fuel were most likely 
used to power the high respiration rates of northern broadleaved species, the biochemical 
mechanisms explaining this observed shift was not evaluated and warrants further study that will 
enrich the current literature beyond agriculturally important plants and are inclusive of climatic 
provenance studies. 
Chapter 2 expands upon the first chapter by estimating and comparing the photosynthetic 
capacities and responses to elevated temperatures across seventeen broadleaved tree species in 
efforts to detect if historic geographic provenance was a significant factor. Photosynthetic rate 
was measured under three temperatures (16°C, 23°C, and 29°C) over eleven CO2 levels in order 
to be able to estimate component parts of the photosynthetic process. Although carbon 
assimilation and carbon use efficiency were statistically similar across northern, central, and 




northern and southern ranged trees. Although there was no significant interaction effect between 
range and temperature, interesting trends showed central ranged trees’ photosynthetic capacity 
increasing and declining from low to elevated temperatures – a pattern that differed from 
northern and southern species in which their capacities increased and were sustained from low to 
elevated temperatures. The results from this chapter provides evidence that supports that central 
ranged species may be at a physiological disadvantage when compared to northern and southern 
ranged trees – and pressures that extend beyond projected warming such as disease or herbivory 
could not only negatively impact the abundance of the northern red oak, a central ranged species, 
but open a niche for introduced or migrant species that are physiologically competitive.   
Continued study on thermal tolerances and acclimation potential of plant species to 
increasing temperatures is critical for assessing which species will flourish under projected future 
environmental conditions and help identify which species may struggle to adapt if migration to 
suitable niches fails. Future research will enable scientists and policy makers to identify regions 
most affected by climate change (Loarie et al., 2009). Slowing climate change through reduced 
emissions is the optimal way to ensure plants are able to migrate to suitable environments 
(Huntley, 1991).  However, assisted migration or recolonization efforts may be necessary to 
prevent local extinction of some plant species (Huntley, 1991). Given the rapid pace of climate 
changes, ex situ conservation programs, such as The Millenium Seed Bank Project, an 
international conservation project coordinated by the Kew Royal Botanic Gardens, have been 
instituted to collect and cryopreserve seeds from around the world (Kew Royal Botanic Gardens, 
1996). As scientists fill gaps in the current understanding of plant responses to climate change, 




increase the likelihood of plant survival and maintain compositional and functional diversity in 
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SI Figure 1-2. One trial of Quercus rubra O2 (ppm/1000) consumption and CO2 (ppm/1000) 
production at 25°C under no light.  
 
 
SI Table 1-1. Mean area-based coefficients (a, b, and c) acquired from the log-polynomial model of respiration in response to 
temperature for each species sampled.  95% confidence interval ranges are within brackets.  Error bars represent 1 SEM. Means not 
sharing a common letter are significantly different (p < 0.05) by Tukey contrasts across species within the plant system (Conifer or 
Broadleaved). 
 
System/Species Range a 95% CI b 95% CI c 95% CI 
Broadleaf        
Betula papyrifera Northern -1.8189d [-2.0787, -1.5592] 0.0555a [0.0702, 0.0921] -0.0004ab [-0.0002, -0.0006] 
Populus grandidentata Northern -2.1385cd [-2.4290, -1.8481] 0.0614ab [0.0762, 0.1018] -0.0003ab [-0.0002, -0.0005] 
Populus tremuloides Northern -1.7754d [-2.0125, -1.5382] 0.0611abc [0.0863, 0.1104] -0.0004ab [-0.0002, -0.0006] 
Acer rubrum Central -2.8401ab [-3.0773, -2.6030] 0.0662cd [0.1139, 0.1388] -0.0008bc [-0.0006, -0.0011] 
Betula lenta Central -3.1283a [-3.5390, -2.7176] 0.0688abc [0.0814, 0.1123] -0.0005abc [-0.0002, -0.0008] 
Quercus prinus Central -2.7794abc [-3.0698, -2.4890] 0.0741cd [0.1138, 0.1447] -0.0006bc [-0.0004, -0.0010] 
Quercus rubra Central -2.2931bcd [-2.5528, -2.0333] 0.0581ab [0.0774, 0.1003] -0.0001a [0.0000, -0.0003] 
Carya glabra Southern -3.1284a [-3.3655, -2.8912] 0.0618bc [0.0984, 0.1217] -0.0003ab [-0.0002, -0.0005] 
Liriodendron tulipifera Southern -2.7861ab [-3.0233, -2.5490] 0.0633bc [0.1037, 0.1276] -0.0006bc [-0.0004, -0.0009] 
Platanus occidentalis Southern -2.5799abc [-2.8170, -2.3428] 0.0715d [0.1336, 0.1605] -0.0013c [-0.0010, -0.0016] 
Conifer        
Thuja occidentalis northern -0.0113ab [-0.3572, 0.3346] 0.0302ab [0.0172, 0.0432] -3.74E-13a [-1.10E-12, 3.47E-13] 
Pinus resinosa northern -0.0551ab [-0.4010, 0.2908] 0.0365ab [0.0235, 0.0495] 6.76E-13a [-4.56E-14, 1.40E-12] 
Chamaecyparis thyoides central 0.5068b [0.1609, 0.8527] 0.0239a [0.0109, 0.0369] 6.04E-13a [-1.18E-13, 1.33E-12] 
Tsuga canadensis central -0.1564ab [-0.5023, 0.1895] 0.0511ab [0.0352, 0.0671] -3.83E-14a [-7.60E-13, 6.84E-13] 
Pinus rigida central -0.1454ab [-0.4913, 0.2005] 0.0551b [0.0409, 0.0693] -1.35E-13a [-8.57E-13, 5.87E-13] 






SI Table 1-2. Mean mass-based coefficients (a, b, and c) acquired from the log-polynomial model of respiration in response to 
temperature for each species sampled.  95% confidence interval ranges are within brackets.  Error bars represent 1 SEM. Means not 
sharing a common letter are significantly different (p < 0.05) by Tukey contrasts across species within the plant system (Conifer or 
Broadleaved). 
System/Species Range a 95% CI b 95% CI c 95% CI 
Broadleaf        
Betula papyrifera Northern 1.0627c [0.7991, 1.3263] 0.0809a [0.0665, 0.0953] -0.0004bc [-0.0007, -0.0001] 
Populus grandidentata Northern -0.1085ab [-0.3491, 0.1321] 0.1472d [0.1340, 0.1603] -0.0013a [-0.0016, -0.0011] 
Populus tremuloides Northern 0.7889c [0.5483, 1.0295] 0.0926ab [0.0794, 0.1057] -0.0004bc [-0.0007, -0.0002] 
Acer rubrum Central -0.1284ab [-0.3690, 0.1122] 0.1267cd [0.1135, 0.1399] -0.0009ab [-0.0011, -0.0006] 
Betula lenta Central 0.3661bc [0.0258, 0.7063] 0.0971abc [0.0785, 0.1157] -0.0005bc [-0.0009, -0.0001] 
Quercus prinus Central -0.2417ab [-0.5053, 0.0219] 0.1210bcd [0.1066, 0.1354] -0.0005bc [-0.0008, -0.0003] 
Quercus rubra Central 0.1234b [-0.1402, 0.3870] 0.0886ab [0.0742, 0.1031] -0.0000c [-0.0003, 0.0003] 
Carya glabra Southern -0.5344a [-0.7750, -0.2937] 0.1099abc [0.0967, 0.1231] -0.0003bc [-0.0006, 0.0000] 
Liriodendron tulipifera Southern -0.0212ab [-0.2619, 0.2194] 0.1156bc [0.1025, 0.1288] -0.0007b [-0.0009, -0.0004] 
Platanus occidentalis Southern 0.8918c [0.6282, 1.1554] 0.0889ab [0.0744, 0.1033] -0.0003c [-0.0006, 0.0000] 
Conifer        
Thuja occidentalis Northern 2.2618b [1.9075, 2.6162] 0.0302a [0.0135, 0.0468] -3.12E-13a [-6.84E-13, 5.93E-14] 
Pinus resinosa Northern 1.7951ab [1.4408, 2.1494] 0.0365a [0.0199, 0.0532] -9.18E-14a [-4.63E-13, 2.80E-13] 
Chamaecyparis thyoides Central 2.1651b [1.8108, 2.5194] 0.0239a [0.0072, 0.0405] 7.93E-13b [3.86E-13, 1.20E-12] 
Tsuga canadensis Central 1.776ab [1.4217, 2.1303] 0.0484a [0.0318, 0.0651] 4.95E-14ab [-4.50E-13, 4.60E-13] 
Pinus rigida Central 1.1099a [0.7556, 1.4642] 0.0475a [0.0309, 0.0642] 2.95E-13ab [-7.69E-14, 6.66E-13] 





SI Table 1-3. Species means and standard error values for respiration and leaf traits for broadleaved (n=10) and conifer species (n=6).  
Measured values include area (Rarea), mass (Rmass), and nitrogen based respiration (R N g-1) at 10°C and 20°C, as well as C:N, leaf 
mass area (L), and area and mass based foliar nitrogen content. Within a column for both broadleaved and conifer categories, means 
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Conifers            
Thuja occidentalis Northern 
1.341 ± 
0.129a 





























































Tsuga canadensis Central 
1.395 ± 
0.134a 


















Pinus rigida Central 
1.397 ± 
0.134a 














































Appendix B: Supporting Information for Chapter 2 
SI Table 2-1. Means and standard errors for physiology and leaf traits across species. Within columns, values not sharing similar 
letters are statistically different from each other (P < 0.05). 
Species 
Vcmax Jmax TPU Rd Aarea Amass A:Rd C:N L  Nmass  Narea  
(µmol m-2 s-1) (µmol g-1 s-1)     (g/m2) (mg/g) (g/m2) 

















23.005 ±  
1.217ᶜᵈᵉ 
56.696 ±  
4.093ᵇᶜᵈᵉᶠ 
17.178 ±  
0.929ᵃᵇ 


















20.042 ±  
0.949ᶜ 
86.117 ±  
5.561ᵍ 
15.750 ±  
0.993ᵃ 


















23.149 ±  
1.096ᶜᵈᵉ 
83.833 ±  
5.414ᵍ 
22.179 ±  
1.073ᵇᶜᵈ 
1.739 ±  
0.130ᶜᵈᵉᶠ 


















66.882 ±  
3.219ᵉᶠᵍ 
24.533 ±  
1.073ᵈᵉ 




















74.855 ±  
4.085ᶠᵍ 
21.120 ±  
1.517ᵃᵇᶜᵈ 



















50.443 ±  
2.974ᵃᵇᶜ 
20.827 ±  
0.993ᵇᶜᵈ 



















81.319 ±  
4.794ᵍ 
20.819 ±  
1.314ᵃᵇᶜᵈ 




















70.917 ±  
5.120ᵉᶠᵍ 
25.069 ±  
1.175ᵈᵉ 



















85.800 ±  
4.683ᵍ 
20.646 ±  
1.175ᵃᵇᶜᵈ 

























11.972 ±  
0.896ᵃᵇ 
40.289 ±  
3.359ᵃᵇ 
38.791 ±  
1.858ᶠ 

















20.363 ±  
0.964ᶜᵈ 
68.154 ±  
4.018ᵈᵉᶠᵍ 
22.107 ±  
1.175ᵇᶜᵈ 



















21.342 ±  
1.010ᶜᵈ 
67.986 ±  
4.390ᶜᵈᵉᶠᵍ 
21.578 ±  
1.175ᵇᶜᵈ 


















25.389 ±  
1.097ᵈᵉᶠ 
51.543 ±  
3.038ᵃᵇᶜᵈᵉ 
18.671 ±  
1.073ᵃᵇᶜ 

















13.603 ±  
0.831ᵇ 
48.523 ±  
4.045ᵃᵇᶜᵈᵉ 
30.600 ±  
1.517ᵉᶠ 



















19.883 ±  
0.941ᶜ 
48.057 ±  
2.833ᵃᵇ 
22.671 ±  
1.175ᶜᵈ 


















23.157 ±  
1.415ᶜᵈᵉᶠ 
48.862 ±  
3.528ᵃᵇᶜᵈ 
20.044 ±  
1.517ᵃᵇᶜᵈ 


















9.919 ±  
0.469ᵃ 
38.937 ±  
2.514ᵃ 
49.224 ±  
1.175ᵍ 















SI Table 2-2. Means and standard errors for physiology traits across temperatures. Within columns, values not sharing similar letters 
are statistically different from each other (P < 0.05). 
 
Temperature 
Vcmax Jmax TPU Rd Aarea Amass A:Rd 
    (µmol m-2 s-1)     (µmol g-1 s-1)   
16℃ 
32.057 ±  
3.146ᵃ 
51.425 ±  
5.216ᵃ 
3.645 ±  
0.359ᵃ 
1.411 ±  
0.195ᵃ 
3.791 ±  
0.410ᵃ 





43.546 ±  
3.226ᵇ 
55.918 ±  
4.378ᵃ 
3.867 ±  
0.294ᵃ 
1.395 ±  
0.149ᵃ 
4.018 ±  
0.339ᵃ 





44.773 ±  
4.275ᵇ 
54.071 ±  
5.389ᵃ 
3.543 ±  
0.342ᵃ 
1.057 ±  
0.167ᵃ 
3.501 ±  
0.376ᵃ 





















SI Table 2-3. Definition of foliar morphological and physiological variables for chapters 1 and 2. 
 
Definition Symbol and units 
Maximum Rubisco* carboxylase activity per unit leaf area Vcmax, µmol m-2 s-1 
Maximum electron transport per unit leaf area Jmax, µmol m-2 s-1 
Triose phosphate use per unit leaf area TPU, µmol m-2  s-1 
Dark respiration per unit leaf area Rd, µmol m-2 s-1 
Light-saturated maximum photosynthesis rate per unit leaf area Aarea, µmol m-2 s-1 
Light-saturated maximum photosynthesis rate per unit leaf mass Amass, µmol g-1 s-1 
Respiration rate per unit leaf area at 10°C and 20°C R10 and R20, µmol m-2 s-1  
Respiration rate per unit leaf mass at 10°C and 20°C R10 and R20, µmol g-1 s-1  
Respiration rate per gram of leaf nitrogen at 10°C and 20°C R10 and R20, µmol g-1 [N] s-1  
Respiratory quotient expressed as the ratio of change in  
foliar CO2 produced (ppm/1000) and O2 consumed (ppm/1000) 
RQ 
Carbon use efficiency, ratio of maximum photosynthesis and dark 
respiration rate 
A:Rd 
Leaf dry mass per unit projected area L, g m-2 
Foliar carbon to nitrogen content ratio C:N, g g-1 
Nitrogen content per unit leaf dry mass Nmass, mg g-1 
Nitrogen content per unit projected area Narea, mg m-2 








Appendix C: Future Work 
Physiological acclimation of Quercus rubra seedlings  
under a warming climate 
Introduction 
Current projections of global surface air temperatures under varying carbon emission 
scenarios are predicted to increase by 1.5 to 4.8°C over the next century at relative to the pre-
industrial era (Intergovernmental Panel on Climate Change, 2014). As climate warming extends 
over geographic regions that were once cooler, tree populations which have adapted to their 
original provenances over the course of centuries or millennia, become pressured to adapt to a 
new climate regime, shift their geographic range to a more suitable locations, or risk increased 
mortality and extirpation (Aitken et al., 2008; Davis & Shaw, 2001; Drake et al., 2017; Jump & 
Penuelas, 2005; Wertin et al., 2011). The northward movement of climate envelopes will require 
species to exhibit adaptive fitness and traits that are plastic enough to tolerate a range of climatic 
conditions that promotes maximal net primary productivity (Valladares et al., 2014; C. Xu et al., 
2007). However, the breadth of understanding fitness and trait patterns that extend beyond 
studies comparing genetic variants across latitudinal or elevation gradients of boreal taxa, 
evergreen species, or southern hemisphere species is limited (Drake et al., 2017; C. A. 
Gunderson et al., 2010; Valladares et al., 2014)  
Generally, studies have suggested that most deciduous tree species have a broad 
temperature range at which their physiology can operate, and can extend their temperature 
optimums even more under elevated CO2 (Owen K. Atkin & Tjoelker, 2003; Berry & Bjorkman, 




acclimation of two year old red oak seedlings grown in the southern US found positive growth 
and acclimation to elevated temperature treatments (C. A. Gunderson et al., 2010; Smith & 
Dukes, 2013). However, in another study examining net carbon assimilation and biomass 
production of 2 year old red oak seedlings native to South Carolina, near the most southern edge 
of their geographic range, documented a decline in photosynthetic capacity and growth and an 
increased rate of respiration when exposed to elevated CO2 and warming (Wertin et al., 2011). 
Variation in experimental design, such as the genotypes used or the age of the seedlings in the 
previously mentioned studies, provide little insight into how northern red oaks (Quercus rubra 
L.) at the central portion of their range will tolerate the warm temperatures that occur in their 
southern-most range, which are predicted to migrate to New York state in the next 50-70 years 
(Frumhoff et al., 2007). 
The northern red oak in the northeastern region of the US is native and has been 
regionally dominant tree species for over 10,000 years (Maenza-Gmelch, 1997a, 1997b). They 
are also considered a foundation species that plays a critical role in the health, carbon 
sequestration, and ecosystem balance of these forests (Falxa-Raymond et al., 2012). However, 
due to a number of factors that threaten their dominance in the region, such as the decline of fire 
regimes, pests, pathogens, and herbivory by white-tailed deer, their failure to regenerate through 
much of their range may cause a negative impact on the ecosystem services they provide for 
eastern deciduous forests (Abrams, 2011; Cha et al., 2010; Côté et al., 2004b; Falxa-Raymond et 
al., 2012; Lovett et al., 2006; Rooney & Waller, 2003). In addition, the loss of steady-state 
environment of these forests due to the decline of eastern hemlock (Tsuga canadensis) and ash 
trees (Fraxinus spp.), caused by the wooly adelgid and emerald ash borer, respectively, are 




vacant niches (insert references). The ability for oaks to regenerate is critical to ensure a 
continued population. However, little is known about how tolerant red oak seedlings historically 
resident to the northeastern US are to warming temperatures. 
In 2014, we designed an experiment to evaluate the short- and long-term physiological 
acclimation response of northern red oak < 1 year old, grown under contrastingly different 
temperature regimes that occur in the states of New York (NY) and North Carolina (NC). This 
experiment was designed to assess whether northern red oak seedlings historically adapted to 
New York climate would exhibit physiological and leaf traits that are plastic enough to result in 
an acclimation response under a climate warming scenario (NC). Growing seedlings under two 
temperature treatments, we measured the physiological and leaf morphological traits at three 
time points: Baseline (T0), short-term acclimation (T1), occurring one week after temperature 
treatment was applied, and long-term acclimation (T2), occurring after a new leaf matured under 
the new growing environment. Light-response curves were also measured to assess if related 
physiochemical components were shifted as a result of warming. We hypothesized that 1) 
Physiology and leaf morphology are plastic traits in northern red oak seedlings; 2) 
Photosynthetic rates and capacities would show acclimation resulting in similar values between 
seedlings grown in NC and NY temperature treatments; 3) Respiration in response to increased 
temperatures would result in an increase over baseline levels with seedlings; 4) Seedlings 
exposed to NC temperatures would exhibit lower respiration rates when compared to seedlings 
exposed to NY temperatures, as demonstrated in theorized acclimation responses of respiration 








In October 2013, Q. rubra acorns were collected from Central Park in NYC, located in 
New York, NY (40.780°N, 73.970°W), where the average mean annual temperature was 
12.94°C and the average annual precipitation was 1176 mm. 
All available acorns were cold and dark stratified at 4°C under moist conditions between 
October 2013 and February 2014. In February, germinating acorns were transferred into seed 
starting pots and sowed with a standard growing mix (Miracle-Gro® Potting Mix) composed of 
peat moss, forest humus, coconut coir, perlite, compost, worm casting and fertilizer 
(Ammoniacal Nitrogen – 0.12%; Nitrate Nitrogen – 0.09%; Available Phosphate, P2O5 – 0.07%; 
Soluble Potash, K2O – 0.14% and water-soluble iron, Fe – 0.10%). Pots were placed in a 1.4 m2 
growth chamber (Percival® model PGC-15, ETA Process Instrumentation, Peabody, MA, US) 
located at the Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA. 
The germinants were kept at 20°C under an 8/16-hour photoperiod and watered three times a 
week until new leaves emerged. Once 2-3 newly emerged leaves were fully formed (March 
2014), the seedlings were transplanted into larger 4” x 12”, 2.3 L pots. To reduce variability in 
nutrient conditions of soil mixtures, we used a commercial sand as substrate (Quickrete(R) All-
Purpose Sand) and fertilized pots with Hoaglands mix (insert fertilizer %) during watering (3-4 
times a week). 
Thirty-two plants were grown in total. A fully matured leaf was then chosen and marked 
and used to perform physiological measurements for photosynthetic capacity (A/Ci) and light-
response (A/Q) (detailed below). Thereafter, 16 pots were chosen at random and transferred into 




below). A subset of eight seedlings were chosen within each treatment (NY and NC) to be used 
as study samples throughout the duration of the experiment (n=16). 
Both growth chambers allowed for a maximum plant’ height of 1.2 m. The interior of the 
chambers were equipped with white and highly reflective walls and ceiling for even lighting, 
which was supplied by a lamp bank containing fluorescent and incandescent bulbs. The light 
bank was adjustable and kept at c.a. 0.7 m above the plant canopy to improve uniformity in light 
irradiance. Temperature controlled air was allowed to move uniformly inside the chamber and 
humidifiers were built into the chambers to regulate relative humidity.  
Environmental conditions of the two growth chambers were automated and set using the 
Intellus Ultra Controller (Percival®, Intellus Control System, ETA Process Instrumentation, 
Peabody, MA, US). This software allowed the effective control and monitoring of the 




After pots were equally divided into adjacent 1.4 m2 growth chambers, two treatments 
were implemented. The environmental treatments were designed to model the 30-year average 
temperature conditions (NOAA’s 1981-2010 Climate Normals) of West Point, New York (NY) 
and Durham, North Carolina (NC) experienced respectively, by populations of Q. rubra that are 
located most central or most southern in their range distribution during their growing season. The 
mean diurnal temperature for the NY and NC growth chamber during the acclimation period 
17°C ± 6°C and 18°C ± 6°C, respectively. The experimental growth temperatures averaged 23°C 




The NY and NC growth chamber’s temperature conditions during the acclimation period 
simulated spring growing conditions (April through May). The growth chambers were set to 
reflect the climate normals that occurred on Julian day 125 (NY) and 97 (NC) where the mean 
high temperature for both provenances averaged ~20°C. Temperature conditions were changed 
weekly to reflect the conditions on the designated Julian week (Figure 1). On week 7, the 
temperature conditions were matched so that both NY and NC chambers reflected climate 
normals that reflected Julian day 167 and was incrementally changed weekly to simulate summer 
growing season (June through July; Julian days 167-209) (SI Figure 3).  
Both growth chambers underwent a six-step diurnal cycle that altered temperature, light, 
and CO2 conditions to reflect a natural daily progression. The effect resulted in temperatures 
linearly increasing (in quarter increments) from the mean low average temperature at sunrise, to 
the mean average temperature two hours after sunrise, to the mean high temperature four hours 
after sunrise. Temperatures decreased linearly (in quarter increments) starting two hours before 
sunset, reaching the mean low average temperature two hours after sunset.   
Light levels were controlled diurnally by turning on or turning off the three sets of lights 
available in each chamber (two fluorescent banks and one set of incandescent lights). 2013 
sunrise and sunset times were acquired from the US Naval Observatory’s Astronomical 
Applications Department (http://aa.usno.navy.mil) for sunrise and sunset timings based in 
Cornwall, NY (W 074.01, N 41.26), which is nearest town to West Point, NY. These times were 
used to reflect light conditions at Black Rock Forest, where northern red oaks are dominant. The 
acquired sunrise and sunset times were set to match the Julian day of our growth chamber 
experiment and changed weekly with our other environmental settings. For our experiment, all 




were turned on. A half hour after sunrise, the first set of fluorescent lights were turned on. One 
hour after sunrise, the second set of fluorescent lights were turned on so that the maximum light 
available within the chamber was on. One hour before sunset, one set of fluorescent lights were 
turned off. A half hour before sunset, the second set of fluorescent lights were turned off. A half 
hour after sunset, the incandescent set of lights were turned off resulting in no light in the 
chamber.  The photosynthetic photon flux density (PPFD) within the growth chamber averaged 
between 0 and 500 μmol CO2 m-2 s-1 at the top of the canopy depending on the light cycle that 
was set for the time of day (Optisciences OS5P fluorometer). 
CO2 levels were set at 450 ppm at sunrise and decreased to 390 ppm one hour after 
sunrise, then increased to 450 ppm one hour after sunset. Environmental control of relative 
humidity (RH) was disabled in the growth chamber settings due to the loss of temperature 
control during operational use under our temperature settings (between 15-30°C) per the advice 
of the growth chamber manufacturer’s instructions. Due to the increase in vapor pressure deficit 
under elevated growth temperature (Drake et al. 2017), RH may have been higher than the 
average relative humidity of the lab environment (insert avg % RH), in which the growth 
chambers are located.  
 
Leaf-scale physiology 
A/Q (light response curves) and A/Ci (net assimilation, A, versus substomatal CO2 
concentration, Ci) measurements were obtained at three different time points: Baseline (T0), 
which occurred once a fully developed leaf emerged after potting (one measurement per 
seedling); short-term acclimation (T1), in which measurements were made on the same fully 




newly emerged leaf, c.a. 9-10 weeks after baseline. These measurements were performed on 8 
seedlings per temperature treatment (NY and NC) per time point (8 seedlings x 2 treatments x 3 
time points = 48 measurements). Three cross-calibrated portable infrared gas analyzers (Li-6400-
XT, Licor Biosciences, Lincoln, NE, USA) equipped with LED and a 2 x 3 cm chamber were 
used to measure A/Ci and A/Q of each leaf measurement, which were completed using the 
following settings: Air temperature in chamber block set to 20°C; PPFD was set to 1200 µmol  
m-2 s-1; CO2 concentration of reference cell set to 400 ppm; RH levels were maintained between 
65 and 80%.  
A/Ci measurements were run over eleven CO2 levels (1000, 750, 650, 550, 450, 350, 250, 
175, 125, 75, 25 µmol s-1). The measured photosynthetic CO2 response curves were retrieved and 
then analyzed using a free Excel solver utility created by Sharkey et al. (2007). Maximum rate of 
carboxylation (Vcmax), maximum electron transport rate (Jmax), triose phosphate utilization (TPU), 
mesophyll conductance (gm), and CO2 assimilation at Ci ~400 ppm (A400) were expressed on a 
projected area basis (μmol m-2 s-1). Carbon use efficiency was calculated by dividing A400/Rd 
A/Q curves measured the net photosynthetic rate for 28 PPFD levels (1500, 1200, 1000, 
800, 600, 400, 200, 100 µmol m-2 s-1 and every 5 units between 100 and 0 µmol m-2 s-1). The leaf 
in the chamber was then left to acclimate in the dark cuvette for 20 minutes before another 
measurement was obtained to retrieve Rd (dark respiration) at 0 µmol m-2 s-1. The light 
compensation point (LCP at which Anet = 0 PPFD), the incident quantum yield (φ, slope of linear 
portion of the light response curve), and maximum photosynthesis (Amax) were obtained from the 






 Leaf Morphology Traits 
Leaf morphology traits were acquired from harvested leaves after T1 and T2. Leaf 
morphology traits for T0 were acquired from a second fully developed leaf on the seedling as a 
proxy and used as a control for T1 and T2 comparisons. Projected leaf area (cm2) was measured 
by running freshly weighed whole leaves through a leaf area meter (Licor 3000C, Lincoln NE 
USA. Leaves were then placed into separate coin envelopes and oven-dried at 60°C for two days. 
Leaf mass area (L; dry mass (g) divided by leaf area (m-2)) was calculated by dividing the dry 
mass (g) and the area (cm2) of the leaf. A ball mill (SPEX 8000 Mixer/Mill®, New Jersey, USA) 
was then used to grind the leaf tissue into powder where two to four milligrams was transferred 
into tin capsules. The capsules were run through a carbon-nitrogen flash analyzer (CE Elantech, 
New Jersey, USA) to determine % carbon, % nitrogen and the carbon to nitrogen ratio (C:N; 
grams per gram of leaf tissue). Leaf nitrogen (N) in grams per area (Narea) was acquired.   
 
Data Analysis 
Mann Whitney U Tests were used to compare leaf physiology and morphology traits 
between NY and NC temperature treatments. The same test was also used to detect treatment-
specific patterns across short-term and long-term acclimation periods by comparing trait changes 
between T1 and T2, and T0 and T2 within both the NY and NC temperature treatments. 
Wilcoxon Signed Rank Tests were used to compare physiological and leaf morphology traits 
between T0 and T1 for both temperature treatments since the same leaf was measured at both 
time points.  All statistical methods were implemented in RStudio, Inc. version 1.2.5033 





The following are a series of graphs and tables  





SI Figure 3-1. Mean growth chamber temperatures over each week of the experiment for 
seedlings grown under North Carolina (gray) and New York (blue) temperature treatments 
during the acclimation/growth period (A)? And the experimental period (B). Solid lines represent 
the mean temperature, while the shaded bars represent the min and max temperatures that were 
set diurnally. T0 (baseline) measurements on mature leaves were made on week 7, T1 (short-
term acclimation response of mature leaf one week later) on week 8, and T2 (long-term 

















SI Figure 3-2. Median comparisons of A400 (rate of photosynthesis at 400 ppm of CO2, Rd (dark 
respiration) , A:Rd (photosynthesis to dark respiration ratio) and across time points T0 (baseline), 
T1, and T2. Boxplots with patterned lines represents baseline. Orange and pink colored boxplots 
represent oak seedlings grown under the New York (NY) and North Carolina (NC) temperature 
treatments, respectively. The colored solid lines represent median values for NC and NY 
temperature treatments, while the dashed line represents the T0 median averages for NY an NC. 
Solid dots represent one leaf measurement from one seedling. Brackets with significant P levels 




















SI Figure 3-3. Median comparisons of Vcmax (maximum rate of carboxylation allowed by 
Rubisco), Jmax (rate of maximum photosynthetic electron transport), TPU (triose phosphate use), 
and gm (mesophyll conductance) across time points T0 (baseline), T1, and T2. Boxplots with 
patterned lines represents baseline. Orange and pink colored boxplots represent oak seedlings 
grown under the New York (NY) and North Carolina (NC) temperature treatments, respectively. 
The colored solid lines represent median values for NC and NY temperature treatments, while 
the dashed line represents the T0 median averages for NY an NC. Solid dots represent one leaf 
measurement from one seedling. Brackets with significant P levels are denoted with asterisks 



















SI Figure 3-4. Leaf traits, C:N (leaf carbon to nitrogen ratio), L (leaf mass area), and N (nitrogen 
per unit leaf area) across time points T0 (baseline), T1, and T2. Boxplots with patterned lines 
represents baseline. Orange and pink colored boxplots represent oak seedlings grown under the 
New York (NY) and North Carolina (NC) temperature treatments, respectively. The colored 
solid lines represent median values for NC and NY temperature treatments, while the dashed line 
represents the T0 median averages for NY an NC. Solid dots represent one leaf measurement 
from one seedling. Brackets with significant P levels are denoted with asterisks (0.02 > p < 0.05 





















SI Figure 3-5. Photosynthetic light curve variables phi (φ, the slope of the light curve from 0 
PAR to light saturation point), LCP (light compensation point), and Amax (maximum 
photosynthetic rate at light saturation) across time points T0 (baseline), T1, and T2. Boxplots 
with patterned lines represents baseline. Orange and pink colored boxplots represent oak 
seedlings grown under the New York (NY) and North Carolina (NC) temperature treatments, 
respectively. The colored solid lines represent median values for NC and NY temperature 
treatments, while the dashed line represents the T0 median averages for NY an NC. Solid dots 
represent one leaf measurement from one seedling. Brackets with significant P levels are denoted 






SI Table 3-1. Median, n, and interquartile range values for photosynthesis, light response, and leaf morphology variables 
for seedlings grown under the New York (NY) and North Carolina (NC) temperature treatments. Across rows, values 
with different letters are significantly different at P < 0.05 (note separate tests for T0, T1, T2, NY (T0-T1), NC (T0-T1).  
  T0 T1 T2 
Short-term acclimation from T0 to 
T1 
 NY NC NY NC NY NC New York North Carolina 
Photosynthesis variables 
(A/Ci)               
A400       T0 T1 T0 T1 
n 7 6 8 7 5 6 7 7 8 7 
median 4.65 4.58 3.90 4.17 5.93 4.65 4.65 3.90 4.58 4.17 
IQR 0.50 1.33 1.57 2.05 1.48 1.74 0.50 1.57 1.77 2.05 
A400:Rd                     
n 5 7 7 7 6 6 7 7 7 7 
median 21.30a 5.36b 12.00 24.30 12.20 11.90 21.30a 12.00b 5.36a 24.30b 
IQR 1.07 4.90 9.38 30.80 2.51 7.40 5.51 9.38 4.90 30.80 
Vcmax                     
n 7 8 8 6 5 6 7 8 8 6 
median 55.60 51.90 52.70 37.50 71.70a 54.0b 55.60 52.70 51.90 37.50 
IQR 18.10 30.80 23.60 14.80 21.50 19.80 18.10 23.60 30.80 14.80 
Jmax                     
n 8 8 8 7 6 6 7 8 8 7 
median 68.90 65.70 75.40 51.30 79.70 66.40 66.80 75.40 65.70 51.30 
IQR 14.60 28.20 40.40 26.80 23.80 23.20 12.20 40.40 28.20 26.80 
TPU                     
n 7 8 6 6 5 6 7 6 8 6 
median 3.81 4.50 5.07a 3.99b 5.92a 4.43b 3.81a 5.07b 4.50 3.99 





gm                     
n 6 5 6 5 6 6 6 6 5 5 
median 1.79 3.48 3.37 1.34 1.06 1.20 1.79 3.37 3.48 1.34 
IQR 0.80 3.65 3.25 5.65 0.29 0.29 0.80 3.25 3.65 5.65 
Light Response variables 
(A/Q)                     
           
n 7 5 7 7 6 6 7 7 7 7 
median 0.0074a 0.0067b 0.0319 0.0113 0.0390 0.0303 0.0074a 0.0319b 0.0069 0.0113 
IQR 0.0010 0.0015 0.0080 0.0178 0.0057 0.0193 0.0010 0.0080 0.0023 0.0178 
LCP                     
n 6 7 8 5 6 6 6 6 5 5 
median 5.39 7.00 11.90 5.76 9.36 15.60 5.39a 11.50b 7.00 5.76 
IQR 3.48 6.82 10.70 7.07 3.29 10.40 3.48 9.79 6.95 7.07 
Amax                     
n 7 8 8 6 6 6 6 6 6 6 
median 1.09 1.20 5.44a 1.95b 6.91 5.48 1.09a 5.10b 1.33 1.95 
IQR 0.10 0.52 1.66 1.42 4.93 3.98 0.13 1.14 0.44 1.42 
Rd                     
n 7 8 7 7 6 6 7 7 7 7 
median -0.21a -0.66b -0.41 -0.17 -0.46 -0.43 -0.21a -0.41b -0.66a -0.17b 
IQR 0.09 0.49 0.25 0.21 0.14 0.56 0.09 0.25 0.33 0.21 
Leaf Morphology                     
Narea           
n 8 7 7 7 6 5 8 7 7 7 
median 2.40 2.49 2.76 2.80 2.90 2.79 2.40a 2.76b 2.49 2.80 
IQR 0.32 0.28 0.06 0.22 0.59 0.49 0.32 0.06 0.28 0.22 






n 8 7 7 7 6 5 8 7 7 7 
median 19.50 18.80 16.90 16.70 16.20 15.50 19.50a 16.90b 18.80 16.70 
IQR 2.25 1.94 0.58 1.56 3.14 3.37 2.25 0.58 1.94 1.56 
L                     
n 8 8 8 7 5 4 8 7 8 7 
median 48.80 50.90 56.00 53.30 82.00 128.00 48.80a 56.50b 50.90 53.30 
IQR 9.89 6.81 3.89 7.58 34.20 8.73 9.89 4.75 6.81 7.58 
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